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SUMMARY
The present work introduces the dynamic induction machine model using 
the concept of space vector  notation, and shows the fundamentals of 
torque production to be re la ted  to the current and f lux  space vector  
in te rac tion . By th eo re t ic a l  analysis  the t ra n s ien t  response of the 
current and voltage fed machine is  determined in terms of the machine 
eigen-values, and th is  i s  confirmed using simulation techniques.
The concept of torque control using the current and f lux  space vectors' 
magnitude and phase is  introduced. I t  is  shown tha t maintaining the 
flux space v e c to r 's  magnitude constant is  a sensible  approach and tha t 
t ra n s ien t  free  torque responses are possible by con tro ll ing  the 
current space vector  magnitude and phase with respect to the f lux 
space vector, which is  termed vector control. Previously only 
magnitude control was rea lised , and th is  i s  termed scalar control.
I t  is  shown th a t  the simplest p ra c t ic a l  vector co n tro lle rs  work in the 
ro ta tin g  ro tor f lux space vector  reference frame, generated from a 
dynamic machine model using current and speed/position measurements 
from the rea l machine. The major disadvantage of the parameter 
s e n s i t iv i ty  of th is  approach is  examined.
To complement the th e o re t ic a l  analysis  a p ra c t ic a l  vector co n tro lle r  
was to be b u i l t .  This was designed around a new DSP m icro-contro ller 
(TMS320C14) and featured a 10 kHz sampling ra te .  A fu l ly  instrumented
7.5 kW te s t  r ig  was also developed with the induction machine driven 
from a modified 1 kHz inverte r.
The measurement of high performance shaft torque is  investigated , to 
allow comparisons between the th e o re t ic a l  and p ra c t ic a l  re su l ts .  The 
p ra c t ic a l  work centred on the comparison of the dynamic machine model 
with measurements made on the rea l  machine (torque and flux) and with 
the theory. These showed excellen t steady s ta te  performance but the 
dynamic response was disappointing. The implications of the model not 
representing the rea l  machine t ra n s ie n t ly  are investigated .
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NOMENCLATURE
Please note vector control i s  a lso  widely known as f i e ld  oriented  
control (FOC) and decoupling control. Throughout th is  th e s is  only the 
term vector control w il l  be used (except in the t i t l e  of references) 
to avoid confusion.
STYLE
Adj[x] ad jo in t of matrix x
Det[x] determinant of matrix x
Imaginary[x] imaginary component of x
x  ^ secondary parameter in the primary reference frame
or special symbol 
x vector  quantity
[x] matrix
*x complex conjugate, PLL output, demanded quantity
or special meaning 
Ax small quantity
|x | magnitude of x
<x> mean (average) of x
x f i r s t  d i f f e r e n t ia l  of x, with respect to time
x* second d i f f e r e n t ia l  of x, with respect to time
A
x complement (inverse) of x
v
SUBSCRIPTS
x , x , x the axis of the rea l machine windings (the threea b c
phases)
x armature
A
x a i r  gap
AC
x^ d ire c t  component of x with respect to a given
reference frame 
x DC link
DC
x e le c t r i c a l
E
x f ie ldF
x forced response
FO R
x general purpose quantity
G P
x inverte r  quantity
IN V
x i th value of xi
x^  x ( i - l ) th value of x
x kth value of xK
x ( k - l ) th value of xK-l
x load
L
x mechanical, magnetising or modulationM
x natu ra l response
NAT
xpQ peak quantity
xq quadrature component of x with respect to a given
reference frame
x ro tor
R
x ra ted  quantity
RAT
x s ta to rs
x shaft  quantity  (mechanical reference frame)
S H A F T
xq ra ted  quan tity  or magnetising quan tity
x defined time in te rv a ls1,2, 3,4
VI
ca r te s ian  reference frame
m ultip lica tion  
vector  cross product
the sum of a l l  the x terms from i = a to i = bl
resonant frequency
SYMBOLS
machine phase 
magnetic f lux density  
machine phase 
bandwidth 
machine phase 
diameter
e rro r  term, count e rro r  or voltage 
rea l part  of eigen-value
force, fac to r,  or the imaginary pa r t  of an
eigen-value
frequency in  Hz
shear modulus of e l a s t i c i ty ,  or rea l  pa r t  of 
eigen-value
imaginary part  of an eigen-value 
current
id e n t i ty  matrix, or encoder channel 
in e r t i a
complex operator or polar moment of in e r t i a  
p roportiona li ty  constant, gain, angular spring 
ra te ,  load ce l l  constant or in teger constant 
winding d is t r ib u t io n  fac to r
winding p itch  fac to r
inductance, length or encoder channel edge 
tolerance
inverse Laplace transform 
torque or number of encoder l ines
mean square, or millisecond ( 1 0  seconds) 
number or number of counts 
turns ra t io ,  number or count
d i f f e re n t ia t io n  ~  (used in the Figures)
p ro b ab ili ty  d is t r ib u t io n
in teg ra tio n  S d t (used in the Figures)
number of pole p a irs
constant, or encoder channel
res is tance  or radius
root mean square
laplace operator jw
s l ip
in teg ra tio n  J* dt
time or time erro r
time or r i s e  time
time constant or time in terva l
voltage, or inverte r  voltage space vector  (V0-V7) 
pos ition  e rro r  term or x term 
car tes ian  coordinate or special meaning 
ca r te s ian  coordinate or special meaning 
torque angle
to ta l  leakage fac to r, or encoder timing
uncertain ty
leakage coeff ic ien t
f lux linkage
angular ve loc ity  or angular frequency
angular acce lera tion  
defined angular v e lo c i t ie s
w , o) angular v e lo c i t ie s  defined in the
S L  S S L  &
relevant appendix 
angle between reference frames defined in the 
relevant appendix 
phase angle or flux
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ABBREVIATIONS
ACSL
A/D
C14
D/A
DSP
EX-OR
F/V
ICE
I NT
L *= L (1 +<r ) s o s
L = L (1+cr ) R O R
MRAC
MRAS
MPO
NMI
PC
PI
PID
PLL
PSD
PWM
3 (l-<r) Vso
P O 2 T2<rw L so s
advanced control simulation language 
analogue to d ig i ta l  conversion 
TMS320C14
d ig i ta l  to analogue conversion 
d ig i ta l  signal processor 
exclusive OR logic function 
frequency to voltage conversion 
in -c ir c u i t  emulator 
in te rrup t 
s ta to r  inductance
ro tor inductance
model reference adaption control 
model reference adaption scheme
peak pu ll-ou t torque for zero s ta to r  
resis tance
non maskable in terrup t
personal computer
proportional and in teg ra l
proportional, in tegra l and d i f f e re n t ia l
phase locked loop
phase sensitive  detector
pulse width modulation
S =
o> -  o> s R
o) s l ip
S =
P S o> T so s
S =
PR 0) T
S O  R
R ro to r  time constant
L
T = s ta to r  time constants Rs
T' = <rT ro tor t ran s ien t time constant
R R
= <rT s ta to r  transien t time constants s
VCO voltage controlled o s c i l la to r
V/F voltage to frequency conversion
i<r = 1 -  -j-i--- T-n-----v to ta l  leakage factor(l+<r ) (1 +cr )s R
« = w - 0  instantaneous s l ip  angular
sl s R
ve1oc i ty/frequency 
steady s ta te
ve1oc ity/frequency
0  = 0 - 0   s l ip  angularSSL s R
0 = xr(0 )x dt x
ELECTRICAL AND MECHANICAL REFERENCE FRAMES
To simplify the mathematical presentation, throughout th is  th es is  a
one pole pa ir  (Pp) machine w ill  be assumed, which makes the e le c t r ic a l  
and mechanical reference frames iden tica l.  However fo r multiple pole 
p a ir  machines, the mechanical (shaft)  and e le c t r ic a l  reference frames 
are simply re la ted  as defined below:-
M = M P shaft torqueSHAFT e P
0
0  = shaft angular velocityRSHAFT PP
c = shaft positionSHAFT P *P
X
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1 HIGH DYNAMIC PERFORMANCE DRIVES
In th is  Chapter an investigation  of the applications and advantages of 
using induction machines for high performance drives is  discussed. An 
overview of previous induction machine co n tro lle rs  is  presented 
together with the s tra tegy  of the present study.
1,1 Applications Of High Performance Drives
F I G  1.1 C A S C A D E  C O N T R O L
Pos i t i o n  S p e e d  Torque
R e f e r e n c e  R e f e r e n c e  Re f e r en c e
The basis  of a l l  high dynamic performance drives is  the torque control 
s tra tegy , as i l l u s t r a t e d  in Figure 1.1. The dynamics of the inner 
torque control loop define the performance of the ex te rn a lly  nested 
speed and pos ition  control loops in the cascade control system
1
(LEONHARD 1970). As a general ru le  of thumb there is  a fac to r  of ten 
degradation in the bandwidth when going from an inner loop to the next 
outer loop. Thus a drive with a torque bandwidth of 100 Hz w ill  have a 
speed bandwidth of about 10 Hz and a position  bandwidth of 
approximately 1 Hz.
Drive applications which fundamentally make use of such high torque 
bandwidths include spindle drives (machine too ls) ,  materia ls 
processing (extruder drives, tension and ro ll in g  co n tro lle rs  for paper 
and s te e l  processing) and the p rin ting  industry (where accurate and 
repeatable re g is t ra t io n  i s  e s sen tia l)  to name but a few.
Until recently  the high performance drive market has been dominated by 
the converter controlled, separately  excited DC machine. With i t s  two 
control inputs (armature and f ie ld  current) e s se n t ia l ly  independently 
influencing the two derived outputs of torque and flux, a compensated 
DC machine cons ti tu tes  a decoupled plant allowing simple and f a s t  
control action, especia lly  when combined with an e lec tro n ica l ly  
controlled  th y r is to r  or t ra n s is to r  converter. By employing a su itab le  
power supply c i rc u i t ,  the drive can operate in a l l  four quadrants of 
the torque-speed plane as well.
However, la te ly  the AC induction machine controlled  under vector 
control has become a close r iv a l  to the DC drive. Theoretically  
t ra n s ien t free  torque performance can be obtained under vector  
control, the scheme being universally  applicable from the very la rgest  
induction machines in o i l  pipe line  pumping s ta t io n s  (megawatt [MW]), 
to the smallest f rac t io n a l  k ilowatt (kW) spindle drives in machine 
tool applications (HUFFMAN 1990). The fac to rs  l im iting  the performance 
are the physical implementation of the schemes, e i th e r  tha t of the 
power e lec tron ics  or of the mechanical system. The spindle drive 
o ffe rs  the best availab le  performance p o s s ib i l i t ie s ,  being of low 
power (<5 kW), having a low in e r t ia ,  rated to very high speeds (>6000 
rpm) with the load often being an extension of the ro tor shaft 
(KENNEL).
2
There are several well known lim ita tions  of the commutator which 
a f fec t  the maximum speed and power of DC machines, and which may not 
be to le rab le  in view of ex isting  ambient operating conditions or 
maintenance requirements. Therefore considerable e f fo r t  has been spent 
on the development of an equivalent high performance commutator free  
machine drive. The four main contenders are the brushless DC machine, 
the permanent magnet synchronous machine, the reluctance machine and 
the induction machine. Each type of commutator-less machine has i t s  
r e la t iv e  advantages and disadvantages, when compared to the other 
members of the group, over a limited operating range. However on 
balance i t  is  the induction machine which provides the best 
combination of lowest cost, g rea tes t  effic iency  and widest possible 
rated  power range, with the p o s s ib i l i ty  of high speed "operation by 
operating in the f ie ld  weakening region (FULTON 1986, KENNEL, 
LESSMEIER 1986, SCHUMACHER 1982, 1984). By concentrating on a high
performance control s tra tegy  for the induction machine, the broadest 
possible range of drives can be covered in the market place.
In p a r t ic u la r  induction machines o ffe r  several advantages over the 
h i th e r to  uncontested DC machine, some of which are l i s te d  below:-
a) Cost. I t  i s  perhaps not surprising  to f ind th a t  the simply 
constructed induction machine costs between two and five  
times less  than the equivalently  rated separa te ly  excited DC 
machine. The g rea tes t  d ifference in p rice  appears a t  the 
mass produced lower rated output power range, and the 
smallest with the larger hand made machines. Care must be 
exercised in cost comparisons since most o ff  the she lf  
induction machines do not include separate blowers for low 
speed operation or tachometer/encoder mounting points which 
are common on DC machines. The typical p rice  fo r  a 5.5 kW 
standard cage induction machine (no tachometer/encoder and 
no additional forced cooling) is  £217 against £957 for the 
forced v en ti la ted  DC machine (plus another £258 for a 
tachometer). The quoted price  for an equivalent induction 
machine for vector control is  £692 (including a 1024 line
1.2  Why Induction Machines?
3
e n c o d e r  a n d  f o r c e d  v e n t i l a t i o n ) .  A l l  p r i c e s  a r e  q u o t e d  f r o m  
t h e  1990 C o n t r o l  T e c h n i q u e s - S t o c k  D r i v e s  C a t a l o g u e ,
b )  P o w e r  t o  w e i g h t  r a t i o .  F o r  a  g i v e n  m a x im u m  t e m p e r a t u r e  r i s e  a n d  t o r q u e  
r a t i n g  o f  a  m a c h i n e ,  t h e  i n d u c t i o n  m a c h i n e  w e i g h s  l e s s  t h a n  t h e  i 
e q u i v a l e n t l y  r a t e d  DC m a c h i n e  ( 60% l e s s ,  STEFANOVIC 1975 ) .  T h i s  i s  b e c a u s e  I 
t h e  t o r q u e  p r o d u c i n g  c u r r e n t  i n  t h e  r o t o r  i s  s i n u s o i d a l l y  d i s t r i b u t e d  * 
a r o u n d  t h e  c i r c u m f e r e n c e ,  s o  i n t e r a c t i n g  w i t h  m o r e  o f  t h e  s i n u s o i d a l l y  j 
d i s t r i b u t e d  f l u x .  I n  t h e  DC m a c h i n e  t h e  a r m a t u r e  c u r r e n t  i s  e q u a l l y  I 
d i s t r i b u t e d  o v e r  t h e  ‘ r o t o r ’ , b u t  i n t e r a c t s  w i t h  f l u x  o n l y  o v e r  a  l i m i t e d '  
c i r c u m f e r e n c e .  I n  a d d i t i o n  s i n c e  t h e r e  i s  n o  i n s u l a t i o n  b e t w e e n  ‘ c o n d u t o r s *
i n  t h e  s l o t s  o f  t h e  i n d u c t i o n  m a c h i n e  r o t o r ,  t h e  c u r r e n t  d e n s i t y  a n d
c o o l i n g  c a n  b e  i m p r o v e d  u p o n  c o m p a r e d  t o  t h e  a r m a t u r e  o f  t h e  DC m a c h i n e .
c )  T r a n s i e n t  r e s p o n s e .  I n d u c t i o n  m a c h i n e s  h a v e  l o w e r  i n e r t i a  
d u e  t o  m a s s  r e d u c t i o n  i n  t h e  r o t o r  a n d  c a n  b e t t e r  s u s t a i n  
l a r g e  a c c e l e r a t i n g  t o r q u e s  d u e  t o  t h e i r  m o r e  r o b u s t  r o t o r  
c o n s t r u c t i o n .  D u e  t o  t h e  a b s e n c e  o f  a  c o m m u t a t o r  t h e y  h a v e
t h e  c a p a b i l i t y  o f  s u p p o r t i n g  t e m p o r a r y - o v e r  l o a d s  ( i n  r o t o r
c u r r e n t )  t o  p r o d u c e  m a n y  t i m e s  r a t e d  t o r q u e .
d )  R u g g e d  a n d  r o b u s t  r o t o r  c o n s t r u c t i o n  w i t h  r a r e  m a i n t e n a n c e .
T h i s  i s  d u e  t o  t h e  s i m p l i c i t y  o f  c o n s t r u c t i o n ,  a n d  t o  t h e  
a b s e n c e  o f  b r u s h  c o n t a c t s  a n d  c o m m u t a t o r .  S o m e  DC m a c h i n e s  
o p e r a t i n g  u n d e r  h o s t i l e  m e c h a n i c a l  c o n d i t i o n s  ( v i b r a t i o n s )  
t e n d  t o  n e e d  t h e i r  b r u s h e s  c h a n g e d  w e e k l y  b e c a u s e  o f  c o n t a c t  
b o u n c e .  A t y p i c a l  e x a m p l e  i s  t h e  u s e  o f  DC m a c h i n e s  m o u n t e d  
d i r e c t l y  o n  v e n t i l a t i o n  f a n s  i n  t h e  c e i l i n g s  o f  f a c t o r i e s  
(S S D  L t d ) .  T h e  l a c k  o f  b r u s h  “c o n t a c t s  a n d  c o m m u t a t o r  a l l o w s  
t h e  p o s s i b i l i t y  o f  o p e r a t i n g  i n  d i r t y  a n d  e x p l o s i v e  
e n v i r o n m e n t s ,  o r  i n  c l e a n  a n d  h y g i e n i c  e n v i r o n m e n t s .
e )  W i d e  s p e e d  r a n g e .  C a g e  i n d u c t i o n  m a c h i n e s  a r e  c a p a b l e  o f  a  
g r e a t e r  s p e e d  r a n g e  t h a n  t h e  DC m a c h i n e ,  d u e  t o  r o t o r  
c o n s t r u c t i o n  a n d  a b s e n c e  o f  c o m m u t a t o r .
S p e c i f i c  a p p l i c a t i o n s  i n c l u d e  t r a c t i o n  ( l o w  m a i n t e n a n c e ,  g o o d  p o w e r  t o  
w e i g h t  r a t i o ,  r u g g e d n e s s ) ,  a e r o s p a c e  ( r e l i a b i l i t y ,  p o w e r  t o  w e i g h t  
r a t i o ) ,  m i n i n g  ( e x p l o s i o n  p r o o f )  a n d  t h e  n u c l e a r  i n d u s t r y  ( s e a l e d  p u m p  
d r i v e s ,  r e l i a b i l i t y ) .
1.3 H is to r ic a l  Overview
B e f o r e  c o n t i n u i n g  w i t h  t h i s  r e v i e w ,  t w o  o v e r v i e w  p a p e r s  w o r t h y  o f  a  
m e n t i o n  a r e  B . K . B o s e ,  ‘ A d j u s t a b l e  S p e e d  AC D r i v e s  -  A T e c h n o l o g y  
S t a t u s  R e v i e w ’ (BOSE 1982 ) ,  a n d  W . L e o n h a r d ,  ‘M i c r o c o m p u t e r  C o n t r o l  O f  
H i g h  D y n a m i c  P e r f o r m a n c e  AC D r i v e s  -  A S u r v e y ’ (LEONHARD 1986 ) .  
T o g e t h e r  t h e s e  p r o v i d e  a n  i n  d e p t h  v i e w  o f  AC d r i v e s  p a s t  a n d  p r e s e n t .
H i s t o r i c a l l y  t h e  i n d u c t i o n  m a c h i n e  h a s  b e e n  w i t h  u s  f o r  j u s t  o v e r  100 
y e a r s  (T E S L A  1888 ) .  T h e  h i s t o r y  o f  i t s  i n v e n t i o n  h a s  b e e n  d e t a i l e d  i n  
a  p a p e r  b y  K l i n e  (K LIN E  1986 ) .  I t s  i n v e n t i o n  a d d e d  t o  t h e  i m p e t u s  
t o w a r d s  t h e  t r a n s i t i o n  f r o m  DC t o  AC i n  t h e  f i e l d  o f  g e n e r a t i o n ,  
t r a n s m i s s i o n  a n d  d i s t r i b u t i o n  a t  t h e  t u r n  o f  t h e  c e n t u r y ,  a n d  a  s u r v e y  
i n  1976 (L I T T L E  1976 ) i n d i c a t e d  t h a t  56 % o f  t h e  t o t a l  e l e c t r i c a l  
e n e r g y  c o n s u m e d  i n  t h e  USA w a s  u s e d  t o  d r i v e  i n d u c t i o n  m a c h i n e s .
H o w e v e r  f o r  t h e  f i r s t  80 y e a r s  o f  i t s  l i f e ,  b e f o r e  t h e  a d v e n t  o f  t h e  
e r a  o f  p o w e r  s e m i c o n d u c t o r  d e v i c e s ,  i n d u c t i o n  m a c h i n e s  w e r e  u s e d  
m a i n l y  i n  f i x e d  s p e e d  a p p l i c a t i o n s ,  i n  w h i c h  t h e  s p e e d  w a s  d e t e r m i n e d  
b y  t h e  s u p p l y  f r e q u e n c y .  E a r l y  a t t e m p t s  a t  s p e e d  c o n t r o l  s u c h  a s  
m u l t i p l e  p o l e  w i n d i n g s  ( p o l e  c h a n g i n g ) ,  r o t a t i n g  f r a m e  c o n v e r t e r s  a n d  
r o t o r  r e s i s t a n c e  v a r i a t i o n  ( u p o n  w h i c h  t h e  o r i g i n a l  S c h e r b i u s  a n d  
K r a m e r  m e t h o d s  u s i n g  w o u n d  r o t o r  i n d u c t i o n  m a c h i n e s  a n d  a u x i l i a r y  
r o t a t i n g  m a c h i n e r y  w e r e  b a s e d )  w e r e  t o t a l l y  u n c o m p e t i t i v e  w i t h  t h e  DC 
d r i v e  (BO SE  1986 ) .
W i t h  t h e  i n t r o d u c t i o n  i n  t h e  1960s  o f  t h e  f i r s t  p o w e r  s e m i c o n d u c t o r  
d e v i c e s ,  e f f i c i e n t  s l i p  p o w e r  c o n t r o l l e d  d r i v e s  w e r e  d e v e l o p e d .  T h e  
m o s t  n o t a b l e  o f  t h e s e  w e r e  t h e  s t a t i c  K r a m e r  a n d  s t a t i c  S c h e r b i u s  
d r i v e s  (BLAND 1963 , L A V I 1966 , MOKRYTZKE 1968 , NODA 1974 ) ,  t h e  l a t t e r  
a l l o w i n g  m o t o r i n g  a n d  r e g e n e r a t i o n  a b o v e  a n d  b e l o w  s y n c h r o n o u s  s p e e d  
u s i n g  w o u n d  r o t o r  m a c h i n e s .
H o w e v e r ,  e f f i c i e n t  w i d e  s p e e d  r a n g e  c o n t r o l  o f  c a g e  t y p e  i n d u c t i o n  
m a c h i n e s  o n l y  b e c a m e  p o s s i b l e  w i t h  t h e  i n t r o d u c t i o n  o f  h i g h  p o w e r  
s e m i c o n d u c t o r  d e v i c e s  ( t h y r i s t o r s )  l a t e  i n  t h e  1960s ,  w i t h  t h e  
d e v e l o p m e n t  o f  a n  a d j u s t a b l e  f r e q u e n c y  AC s u p p l y  ( s t a t i c  c o n v e r t e r ) .  
PWM t e c h n i q u e s  a l l o w e d  v a r i a b l e  v o l t a g e  a n d  f r e q u e n c y  t o  b e  a c h i e v e d .
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I n i t i a l l y  c o n t r o l  s c h e m e s  w e r e  d e v e l o p e d  u s i n g  t h e  s t e a d y  s t a t e  
e q u i v a l e n t  c i r c u i t  o f  t h e  i n d u c t i o n  m a c h i n e ,  d i s c u s s e d  i n  C h a p t e r  2 . 
T h e s e  s c h e m e s  m a i n t a i n e d  t h e  f l u x  m a g n i t u d e  i n s i d e  t h e  m a c h i n e  
n o m i n a l l y  c o n s t a n t ,  a n d  v a r i e d  t h e  t o r q u e  b y  c h a n g i n g  t h e  c u r r e n t  i n  
t h e  r o t o r  w i t h  s l i p .  T h e  f l u x  m a g n i t u d e  w a s  h e l d  c o n s t a n t  n e a r  
s a t u r a t i o n  i n  o r d e r  t o  g i v e  m a x im u m  u t i l i s a t i o n  o f  t h e  m a c h i n e  c o r e  
m a t e r i a l  ( d e t e r m i n i n g  p h y s i c a l  m a c h i n e  s i z e ) ,  a n d  c o n s e q u e n t l y  t h e  
g r e a t e s t  t o r q u e  p e r  am p  o f  i n p u t  c u r r e n t  ( t h u s  b e n e f i t i n g  t h e  d y n a m i c
p e r f o r m a n c e  a n d  t h e  e f f i c i e n c y ) .
M a n y  s t a n d a r d  c o n t r o l  s c h e m e s  h a v e  b e e n  i m p l e m e n t e d ,  s o m e  w h e r e  t h e  
m a c h i n e  i s  c u r r e n t  f e d  a n d  o t h e r s  v o l t a g e  f e d .  H o w e v e r ,  a l l  t h e s e  
s c h e m e s  a r e  c l a s s i f i e d  u n d e r  t h e  t i t l e  s c a la r  c o n tr o l  -  s c a la r  b e c a u s e  
t h e  v a r i a b l e s  t o  b e  c o n t r o l l e d  a r e  c o n t r o l l e d  o n l y  i n  t e r m s  o f  
m a g n i t u d e  a n d  n o t  p h a s e  ( e g  v o l t a g e / c u r r e n t ,  f l u x ) .  T h i s  w i l l  b e
d i s c u s s e d  i n  d e t a i l  i n  C h a p t e r  4 . T y p i c a l l y  i n  v o l t a g e  f e d  s c h e m e s  t h e
t o r q u e  p r o d u c i n g  c u r r e n t  ( r o t o r  c u r r e n t )  i s  c o n t r o l l e d  b y  f r e q u e n c y  
( s l i p  f r e q u e n c y ) ,  a n d  t h e  f l u x  b y  u s i n g  v o l t a g e  i n  a d d i t i o n .  O f  t h e  
m a n y  i m p l e m e n t a t i o n s ,  t h e  s i m p l e s t  f o r m  w a s  t h e  o p e n  l o o p ,  t e r m i n a l  
v o l t s - p e r - h e r t z - s c h e m e ,  t h e  c o n s t a n t  v o l t a g e - t o - f r e q u e n c y  r a t i o  b e i n g  
n e c e s s a r y  t o  m a i n t a i n  c o n s t a n t  m a c h i n e  f l u x  m a g n i t u d e  u n d e r  s t e a d y  
s t a t e  c o n d i t i o n s  a t  d i f f e r i n g  o p e r a t i n g  s p e e d s  (DE C A R L I 1966 ) .  A 
v a r i e t y  o f  i n c r e a s i n g l y  m o r e  c o m p l e x  s t r a t e g i e s  w e r e  d e r i v e d  f r o m  t h i s  
b a s i c  s c h e m e  t o  t r y  t o  i m p r o v e  t h e  d y n a m i c  p e r f o r m a n c e .  C l o s e d  l o o p  
c o n t r o l l e r s ,  w h i c h  c l o s e d  t h e  l o o p  a r o u n d  s p e e d  a n d  f l u x  m a g n i t u d e  b y  
m e a s u r i n g  t h e s e  r e s p e c t i v e l y  w i t h  t a c h o m e t e r s  a n d  H a l l  s e n s o r s / s e a r c h  
c o i l s  o r  m a d e  u s e  o f  p a r t i a l  o b s e r v e r s  t o  e s t i m a t e  t h e s e  q u a n t i t i e s  
f r o m  m e a s u r e m e n t s  o f  m a c h i n e  t e r m i n a l  v o l t a g e s  a n d  c u r r e n t s ,  w e r e  t h e  
m o s t  c o m p l e x  a r r a n g e m e n t s  (DEPENBROCK 1987 , SATHIAKUMAR 1985 ) .
I n  p a r a l l e l  w i t h  t h e  v o l t a g e  c o n t r o l l e d  d r i v e ,  c o n t r o l l e d  c u r r e n t  
o p e r a t i o n  w a s  a l s o  b e i n g  d e v e l o p e d  (MAGG 1971 ) .  T h e s e  s c h e m e s  
c o n t r o l l e d  t o r q u e  c u r r e n t  b y  f r e q u e n c y  ( s l i p  f r e q u e n c y )  a n d  t h e  f l u x  
m a g n i t u d e  ( m a g n e t i s i n g  c u r r e n t )  b y  c o n t r o l l i n g  s t a t o r  c u r r e n t  
m a g n i t u d e  a c c o r d i n g  t o  a  f i x e d  r e l a t i o n s h i p  w i t h  s l i p  f r e q u e n c y .
H o w e v e r ,  u n d e r  d y n a m i c  c o n d i t i o n s  a l l  t h e s e  s c a la r  d r i v e s  o f f e r e d  
d y n a m i c  p e r f o r m a n c e  s i g n i f i c a n t l y  i n f e r i o r  t o  t h a t  o f  DC d r i v e s ;  i n
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p a r t i c u l a r ,  t h e  p e r f o r m a n c e  v a r i e d  w i t h  m a c h i n e s  f r o m  d i f f e r e n t  
m a n u f a c t u r e r s .  I n  a d d i t i o n  a l l  t h e  s c h e m e s  h a d  a  s l o w ,  o s c i l l a t o r y ,  
t r a n s i e n t  t o r q u e  r e s p o n s e ,  a n d  t h e  v o l t a g e  f e d  s c h e m e s *  r e s p o n s e  a l s o  
v a r i e d  w i t h  l o a d  a n d  o p e r a t i n g  p o i n t .  T h i s  t r a n s i e n t  r e s p o n s e  w a s  
f a s t e s t  n e a r  t h e  r a t e d  v o l t a g e  a n d  f r e q u e n c y  o f  t h e  m a c h i n e  a n d  
s l o w e s t  a t  a r o u n d  20 % o f  r a t e d  v o l t a g e  a n d  f r e q u e n c y .  T h e  m o s t  s e v e r e  
t r a n s i e n t s  c o u l d  t a k e  s e c o n d s  t o  d e c a y .
T y p i c a l  c l o s e d  l o o p  t o r q u e  b a n d w i d t h s  w e r e  i n  t h e  r e g i o n  o f  0 .1  H z-10  
H z i n  c o m p a r i s o n  t o  b a n d w i d t h s  o f  u p  t o  100 H z f o r  DC d r i v e s .  T h i s  
l i m i t a t i o n  h a s  t r a d i t i o n a l l y  m e a n t  t h a t  i n d u c t i o n  m a c h i n e s  w e r e  u s e d  
f o r  s i m p l e  a n d  d y n a m i c a l l y  u n d e m a n d i n g  t y p e  d r i v e s  ( e g  f a n s  a n d  
p u m p s ) .  T h i s  l i m i t e d  t r a n s i e n t  p e r f o r m a n c e  s t e m s  f r o m  t h e  u s e  o f
c o n t r o l  s t r a t e g i e s  b a s e d  u p o n  s t e a d y  s t a t e  m a c h i n e  m o d e l s  t o  d e c o u p l e  
t h e  t o r q u e  a n d  f l u x  r e s p o n s e s  i n s i d e  t h e  i n d u c t i o n  m a c h i n e .
T h e  m a j o r  i m p e d i m e n t  t o  w i d e  s p r e a d  d y n a m i c  a p p l i c a t i o n s  o f  t h e  
i n d u c t i o n  m a c h i n e  h a s  b e e n  t h e  d i f f i c u l t y  o f  t r a n s i e n t  a n a l y s i s  f o r  
t h i s  c o n t r o l l e d  m a c h i n e .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  a v a i l a b l e  i n p u t  
v a r i a b l e s  ( v o l t a g e / c u r r e n t  a n d  f r e q u e n c y )  a n d  o u t p u t  t o r q u e  i s  m u c h  
m o r e  c o m p l e x  t h a n  f o r  t h e  DC m a c h i n e ,  e s p e c i a l l y  u n d e r  d y n a m i c
c o n d i t i o n s  a s  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  2 (ABRAHAM 1986 ) .
A t t e m p t s  w e r e  m a d e  t o  l i n e a r i s e  a b o u t  s t e a d y  s t a t e  o p e r a t i n g  p o i n t s  
(F A L L S ID E  1969 , ROGERS 1965 ) o r  t o  u s e  s t a t e  v a r i a b l e  a n a l y s i s  (L I P O  
1973 , NOVOTNY 1976 , STEFANOVIC 1975 ) a n d  m u l t i p l e  r e f e r e n c e  f r a m e  
a n a l y s i s  m e t h o d s  (KRAUSE 1965 ) ,  b u t  i t  p r o v e d  d i f f i c u l t  t o  l e a r n  a  
g r e a t  d e a l  a b o u t  t h e  w i d e  s p e e d  r a n g e  d y n a m i c  p e r f o r m a n c e  o f  t h e  
m a c h i n e .
A n o t h e r  a p p r o a c h  t o  a n a l y s e  t h e  r e a l  i n d u c t i o n  m a c h i n e  w a s  e x p l o i t e d  
b y  H a s s e  (H A SSE  1969 ) .  He d e r i v e d  a  m u c h  s i m p l e r  t o r q u e  t r a n s f e r  
f u n c t i o n  o f  a  c u r r e n t  i m p r e s s e d  r e a l  m a c h i n e  b y  u s i n g  a  r e f e r e n c e  
f r a m e  r o t a t i n g  w i t h  t h e  r o t o r  f l u x .  I n  t h i s  t e c h n i q u e  t h e  t o r q u e  a n d  
f l u x  p r o d u c i n g  c o m p o n e n t s  o f  t h e  s t a t o r  c u r r e n t  a r e  d e c o u p l e d  a n d  c a n  
b e  c o n t r o l l e d  i n d e p e n d e n t l y .  T h i s  e s s e n t i a l l y  m a p p e d  t h e  i n d u c t i o n  
m a c h i n e *  s  d y n a m i c  s t r u c t u r e  i n t o  t h a t  o f  t h e  s e p a r a t e l y  e x c i t e d  DC 
m a c h i n e ,  a l l o w i n g  d e c o u p l e d  t o r q u e  a n d  f l u x  c o n t r o l  t r a n s i e n t l y .  T h e
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d r a w - b a c k  o f  h i s  c o n t r o l  s c h e m e  w a s  t h e  m e c h a n i c a l  f r e q u e n c y  a d d e r  
r e q u i r e d  t o  t r a n s f o r m  t h e  r o t a t i n g  r e f e r e n c e  f r a m e  t o  t h e  s t a t i o n a r y  
o n e .  B l a s c h k e ,  w h i l s t  w o r k i n g  f o r  S i e m e n s  o f  W e s t  G e r m a n y  d e v i s e d  a  
t e c h n i q u e  o f  u s i n g  v e c to r  a l g e b r a  t o  t r a n s f o r m  b e t w e e n  t h e  r e f e r e n c e  
f r a m e s ,  a n d  s o  t h e  p r i n c i p l e  o f  v e c to r  c o n tr o l  ( a l s o  k n o w n  a s  f i e l d  
o r ie n te d  c o n tr o l  [F O C ] a n d  d e c o u p lin g  c o n t r o l ) w a s  f o r m a l l y  i n t r o d u c e d  
(BLASCHKE 1971 , 1972 ) .  T h i s  p r o v i d e d  f o r  t h e  b e s t  d y n a m i c  p e r f o r m a n c e  
s i n c e  t h e  c o n t r o l  p h i l o s o p h y  w a s  b a s e d  o n  a  g e n u i n e  c u r r e n t  i m p r e s s e d  
d y n a m i c  m o d e l  o f  t h e  i n d u c t i o n  m a c h i n e .  T h e  t e r m  v e c to r  c o n tr o l  
r e l a t e s  t o  t h e  c o n t r o l  o f  t h e  m a c h i n e  i n t e r n a l  v a r i a b l e s  ( e g  
v o l t a g e / c u r r e n t ,  f l u x )  a s  v e c to r  q u a n t i t i e s  w h e r e  b o t h  m a g n i t u d e  a n d  
p h a s e  a r e  c o n t r o l l e d ,  a s  d i s c u s s e d  i n  C h a p t e r  4 .
A t  t h e  t i m e  ( 1970s )  t h e s e  s c h e m e s  w e r e  i m p l e m e n t e d  u s i n g  a n a l o g u e  
t e c h n i q u e s ,  w h i c h  w e r e  c o m p l e x  t o  b u i l d ,  a d j u s t  a n d  s e t  u p .  N o t  u n t i l  
t h e  a d v e n t  o f  t h e  m i c r o p r o c e s s o r  a n d  i m p r o v e d  p o w e r  c o n v e r t e r s  
(AKAMATSU 1983 , HOLTZ 1986 ) ,  w h e n  t h e  c o s t  a n d  c o m p l e x i t y  o f  t h e  
h a r d w a r e  c o u l d  b e  r e d u c e d ,  w a s  i n t e r e s t  r e s t o r e d .
M a j o r  m i l e s t o n e s  i n  t h e  d e v e l o p m e n t  a n d  i m p l e m e n t a t i o n  o f  v e c to r  
c o n tr o l  w e r e  m a d e  a t  t h e  U n i v e r s i t y  o f  B r a u n s c h w e i g  b y  P r o f e s s o r  
W . L e o n h a r d  a n d  h i s  c o l l e a g u e s  i n  a  s e r i e s  o f  c l a s s i c  p a p e r s  a n d  a  t e x t  
b o o k  (G AB R IE L 1979 , 1980 , 1982 , LEONHARD 1974 , 1985 , SCHUMACHER 1982 , 
1983 , 1984 , 1985 ) .  T o d a y  a  m a j o r  c e n t r e  o f  r e s e a r c h  i s  l o c a t e d  a t  t h e  
U n i v e r s i t y  o f  W i s c o n s i n - M a d i s o n ,  M a d i s o n ,  U SA , w i t h  a  t e a m  l e d  b y  
R . D . L o r e n z ,  D . W . N o v o t n y  a n d  T . A . L i p o .
1 .4  P r e s e n t  S t a t u s
W h i l e  t h e  p r i n c i p l e  o f  v e c to r  c o n tr o l  h a s  b e e n  k n o w n  f o r  s o m e  t w e n t y  
y e a r s ,  c o m m e r c i a l  i n t e r e s t  h a s  o n l y  r e c e n t l y  a r i s e n  w i t h  t h e  
d e v e l o p m e n t  o f  p o w e r  d e v i c e s  s u i t a b l e  f o r  f a s t  s w i t c h i n g  c o n v e r t e r s ,  
a n d  c h e a p  a n d  p o w e r f u l  m i c r o p r o c e s s o r s  n e c e s s a r y  t o  i m p l e m e n t  t h e  
c o m p l e x  c o n t r o l  s t r a t e g i e s .  W i t h  r e f i n e m e n t s  t o  t h e  t e c h n i q u e  o f  
v e c to r  c o n tr o l , AC i n d u c t i o n  m a c h i n e s  c a n  n o w  p r o v i d e  s u p e r i o r  d y n a m i c  
p e r f o r m a n c e  t o  DC d r i v e s  a t  a  c o m p e t i t i v e  c o s t ,  e s p e c i a l l y  a t  t h e  
l o w e r  o u t p u t  p o w e r  r a n g e s  ( s e r v o / s p i n d l e  d r i v e s ) .
8
C o m m e r c i a l  i n t e r e s t  h a s  n o w  g r o w n  s o  t h a t  t h e  m a j o r  d r i v e  
m a n u f a c t u r e r s  ( B o s c h ,  I n d r a m a t e ,  S i e m e n s ,  GEC, A s e a  S t r o m b e r g )  n o w  
o f f e r  v e c to r  o p t i o n s .  I n t e g r a t e d  c i r c u i t s  h a v e  b e c o m e  a v a i l a b l e  t o  
p e r f o r m  a l l  t h e  c o m p l e x  c a l c u l a t i o n s  ( K I E L  1987 ) .
T h e  m o s t  s o p h i s t i c a t e d  a n d  h i g h e s t  p e r f o r m a n c e  d r i v e s  a r e  f o r  t h e  
s m a l l ,  l o w  i n e r t i a ,  h i g h  s p e e d  s p i n d l e  d r i v e s .  U l t r a s o n i c  c o n v e r t e r  
s w i t c h i n g  f r e q u e n c i e s  a n d  p o w e r f u l  d i g i t a l  s i g n a l  p r o c e s s o r s  a l l o w  t h e  
f a s t e s t  p o s s i b l e  r e s p o n s e ,  e s t i m a t e d  t o r q u e  b a n d w i d t h s  b e i n g  i n  t h e  
r e g i o n  o f  s e v e r a l  k H z  (KENNEL, L E SS M E IE R  1986 , SCHUMACHER 1984 , 1985 ) .
To  e n a b l e  v e c to r  c o n tr o l  t o  e n t e r  t h e  g e n e r a l  h i g h  p e r f o r m a n c e  d r i v e  
m a r k e t  h o w e v e r ,  s o m e  f u r t h e r  p r o b l e m s  o f  i m p l e m e n t a t i o n  m u s t  b e  
o v e r c o m e .  T h e s e  a r e  l i s t e d  b e l o w  a n d  w i l l  b e  a d d r e s s e d  a t  t h e  r e l e v a n t  
p l a c e s  i n  t h i s  t h e s i s : -
a )  R o t a t i n g  r e f e r e n c e  f r a m e  g e n e r a t i o n  f r o m  a  m a t h e m a t i c a l  
m o d e l  o f  t h e  i n d u c t i o n  m a c h i n e ,  a n d  i t s  p a r a m e t e r  
s e n s i t i v i t y  t o  t e m p e r a t u r e  a n d  m a g n e t i c  s a t u r a t i o n .
b )  S e l f  c o m m i s s i o n i n g  o f  d r i v e s .
c )  T y p e  o f  i n d u c t i o n  m a c h i n e  n e c e s s a r y  f o r  v e c to r  c o n tr o l .
1 .5  S t r a t e g y  O f  T h e  P r e s e n t  S t u d y
A l t h o u g h  i t  m a y  a p p e a r  f r o m  a  c u r s o r y  s t u d y  o f  t h e  l i t e r a t u r e  t h a t  a l l  
w o r t h  w h i l e  r e s e a r c h  a n d  d e v e l o p m e n t  o n  v e c to r  c o n tr o l  h a s  b e e n  d o n e ,  
j u s t  a s k  a n y o n e  w o r k i n g  i n  t h e  f i e l d  i f  t h e y  c a n  e x p l a i n  v e c to r  
c o n tr o l  t o  y o u  s i m p l y .  F r o m  a  s u r v e y  o f  t h e  l i t e r a t u r e  a n d  d i s c u s s i o n s  
u n d e r t a k e n  w i t h  d r i v e s  m a n u f a c t u r e r s  a t  c o n f e r e n c e s  a n d  e x h i b i t i o n s ,  
v e c to r  c o n tr o l  s t i l l  a p p e a r s  a s  a  ‘ b l a c k  a r t ’ , w i t h  n o  a l t e r n a t i v e  
d e s c r i p t i o n s  a v a i l a b l e  o t h e r  t h a n  t h e  s t a n d a r d ,  m a t h e m a t i c a l l y  c o m p l e x  
t e x t  o f  L e o n h a r d ,  a s  p r e s e n t e d  i n  a n  i n t r o d u c t o r y  t u t o r i a l  p a p e r  o n  
v e c to r  c o n tr o l  (LEONHARD 1988 ) .
A fu r th e r  complication i s  confusion about the exact d e f in i t io n  of
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v e c to r  c o n tr o l .  S e v e r a l  c o m p a n i e s  a r e  n o w  m a r k e t i n g  AC d r i v e s  w h i c h  
t h e y  t e r m  v e c to r  o r  v e c to r  c o n tr o l  a l t h o u g h  t h e r e  a r e  s i g n i f i c a n t  
v a r i a t i o n s .  T h i s  m a y  h e l p  s a l e s  f r o m  a  m a r k e t i n g  p o i n t  o f  v i e w ,  b u t  i t  
c r e a t e s  y e t  f u r t h e r  c o n f u s i o n  a n d  m y s t e r y  t o  t h e  s u b j e c t  o f  d y n a m i c  AC 
m a c h i n e  c o n t r o l l e r s .
B e a r i n g  a l l  t h i s  i n  m i n d  t h e  f o l l o w i n g  g e n e r a l  s t r a t e g y  w a s  a d o p t e d  
f o r  t h e  t h r e e  y e a r  r e s e a r c h  p r o g r a m m e  l e a d i n g  t o  t h i s  t h e s i s : -
a )  I n v e s t i g a t e  t h e  t r a n s i e n t  p e r f o r m a n c e  o f  t h e  i n d u c t i o n
m a c h i n e ,  a n d  r e l a t e  t h i s  t o  s c a la r  a n d  v e c to r  c o n t r o l .
b )  W i t h  t h e  r e s u l t s  o f  a )  f o r m u l a t e  a n  a l t e r n a t i v e  v i e w  a n d  
d e f i n i t i o n  o f  v e c to r  c o n tr o l , w h i c h  c o u l d  e n h a n c e
u n d e r s t a n d i n g ,  a n d  m a y  s p a r k  o f f  i d e a s  f o r  a l t e r n a t i v e  
s c h e m e s .  A im  t o  p r o d u c e  a  s i m p l e  e x p l a n a t i o n  w i t h o u t  t h e
n e e d  f o r  t h e  c o m p l e x  m a t h e m a t i c s  a n d  r e f e r e n c e  f r a m e s .
c )  C o m p a r e  t h e  t h e o r e t i c a l  p e r f o r m a n c e  o f  s c a la r  a n d  v e c to r
c o n tr o l  s c h e m e s  t o  d e t e r m i n e  t h e  r e l a t i v e  a d v a n t a g e s  a n d
d i s a d v a n t a g e s  o f  e a c h .
d )  B u i l d  a  v e c to r  c o n t r o l l e r  t o  g e t  a  f e e l  f o r  t h e  r e a l
p r a c t i c a l  l i m i t a t i o n s  o n  t h e  p e r f o r m a n c e .  T h i s  w o u l d  b e  t h e
u l t i m a t e  g o a l  o f  t h i s  w o r k ,  p u t t i n g  t h e o r y  i n t o  p r a c t i c e .
I t  s h o u l d  b e  n o t e d  t h a t  p r i o r  t o  m y r e s e a r c h ,  t h e r e  w a s  n o  k n o w l e d g e  
o n  d y n a m i c  m a c h i n e  c o n t r o l  a t  S u r r e y  U n i v e r s i t y .  T h e  r e s e a r c h  h a s  b e e n  
s t a r t e d  f r o m  ‘ c o l d ’ w h i c h  h a s  a l l o w e d  m y r e s e a r c h  t o  p r o c e e d  w i t h  n o  
p r e - c o n c e i v e d  i d e a s / d i r e c t i o n .  T h e  t e s t  r i g  a n d  e x p e r i m e n t a l  s e t  u p
h a v e  a l l  b e e n  d e s i g n e d  t o  a l l o w  o t h e r  p e o p l e  t o  c o n t i n u e  t h i s  r e s e a r c h
w o r k  a f t e r  I h a v e  l e f t .
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2 THEORY OF INDUCTION MACHINES
T h i s  C h a p t e r  i n t r o d u c e s  t h e  d y n a m i c  i n d u c t i o n  m a c h i n e  m o d e l  u s i n g  t h e  
c o n c e p t  o f  space  v e c to r  n o t a t i o n .  T h e  m o d e l  a s s u m p t i o n s  a r e  s t a t e d  a n d  
t h e  m a t h e m a t i c a l  space  v e c to r  r e p r e s e n t a t i o n  i n v e s t i g a t e d .  B y  
c o o r d i n a t e  t r a n s f o r m a t i o n  t h e  d y n a m i c  e q u a t i o n s  a r e  r e p r e s e n t e d  i n  
a l t e r n a t i v e  r e f e r e n c e  f r a m e s .  T o r q u e  p r o d u c t i o n  i n  t h e  i n d u c t i o n  
m a c h i n e  i n  t e r m s  o f  f l u x  a n d  c u r r e n t  i s  e x p l o r e d  a n d  a n  i n t e r e s t i n g  
r e s u l t  d e r i v e d .  F i n a l l y  t h e  s t e a d y  s t a t e  t o r q u e - s l i p  e q u a t i o n s  a r e  
a n a l y s e d  f o r  c o n s t a n t  s t a t o r ,  a i r  g a p  a n d  r o t o r  f l u x .
2 .1  S t e a d y  S t a t e  M o d e l l i n g
FIG 2.1 STANDARD PER PHASE EQ UIVALENT C IRCUIT
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T h e  s t a n d a r d  p e r  p h a s e  s t e a d y  s t a t e  e q u i v a l e n t  c i r c u i t  o f  t h e
i n d u c t i o n  m a c h i n e  i n  a  s t a t i o n a r y  r e f e r e n c e  f r a m e  ( i . e .  o n e  p h y s i c a l l y  
f i x e d  t o  t h e  s t a t o r )  i s  s h o w n  i n  F i g u r e  2 . 1 . A d e t a i l e d  d e r i v a t i o n  o f  
t h i s  e q u i v a l e n t  c i r c u i t  i s  g i v e n  i n  a n y  s t a n d a r d  t e x t  b o o k  o n  t h i s  
s u b j e c t ,  s u c h  a s  S a y  (S A Y  1983 ) .
T h i s  m o d e l  i s  v a l i d  i n  t h e  s t e a d y  s t a t e  a n d  f o r  v e r y  s l o w  t r a n s i e n t  
b e h a v i o u r ,  p r o v i d e d : -
a )  T h e  v o l t a g e s  a n d  c u r r e n t s  i n  e a c h  p h a s e  h a v e  a  s i n u s o i d a l  
w a v e f o r m ,  a n d  t h e  p h a s e s  a r e  s y m m e t r i c a l .  T h i s  i m p l i e s  t h e r e  
a r e  n o  n o n - l i n e a r  e f f e c t s .
b )  T h e  MMF w a v e f o r m  i n s i d e  t h e  m a c h i n e  h a s  a  s i n u s o i d a l
d i s t r i b u t i o n .
c )  T h e  t i m e  s c a l e s  w e  a r e  i n t e r e s t e d  i n  a r e  m u c h  g r e a t e r  t h a n  
t h e  m a c h i n e  e l e c t r i c a l  t i m e  c o n s t a n t s  ( C h a p t e r  3 ) ( a s  a  
g e n e r a l  r u l e  b y  a  f a c t o r  o f  a t  l e a s t  t e n  i . e .  i n  t h e  o r d e r  
o f  s e c o n d s ) ,  a n d  t h e  i n e r t i a  i s  l a r g e  e n o u g h  s o  t h a t  t h e  
r o t o r  s p e e d  d o e s  n o t  c h a n g e  a p p r e c i a b l y  i n  t h i s  t i m e .
D u r i n g  a n a l y s i s ,  c )  a l l o w s  t h e  t r a n s i e n t  e f f e c t s  t o  d i e  a w a y  a n d  t h e  
m a c h i n e  t o  b e  r e t u r n e d  t o  s t e a d y  s t a t e  o p e r a t i o n .  T h i s  a p p r o a c h  i s  
e n t i r e l y  a d e q u a t e  p r o v i d i n g  t h e  m a c h i n e  c a n  a l w a y s  b e  c o n s i d e r e d  i n  
t h e  q u a s i  s t e a d y  s t a t e .
H o w e v e r ,  e v e n  w i t h  t h e s e  d y n a m i c  l i m i t a t i o n s ,  l e t  u s  n o t  u n d e r e s t i m a t e  
t h e  p o w e r  o f  t h e s e  s i m p l e  e q u i v a l e n t  c i r c u i t s .  B y  u s e  o f  s t a n d a r d  AC
p h a s o r  t e c h n i q u e s ,  s i n g l e  p h a s e  a n d  m u l t i p l e  p h a s e  m a c h i n e s  c a n  b e
a n a l y s e d  i n  m o t o r i n g  a n d  r e g e n e r a t i o n ,  f o r  e i t h e r  i m p r e s s e d  c u r r e n t  o r  
i m p r e s s e d  v o l t a g e  o p e r a t i o n ,  a n d  t o r q u e - s p e e d  c h a r a c t e r i s t i c s ,  p o w e r  
f a c t o r ,  c o p p e r  a n d  i r o n  l o s s ,  p a r a m e t e r  s e n s i t i v i t y ,  c u r r e n t  a n d  f l u x  
a n d  m a n y  o t h e r  q u a n t i t i e s  d e r i v e d .  B y  a p p l y i n g  t h e  p r i n c i p l e  o f  
s u p e r - p o s i t i o n ,  h a r m o n i c  e f f e c t s  s u c h  a s  l o s s  a n a l y s i s  a n d  t o r q u e  
p u l s a t i o n s  c a n  b e  o b t a i n e d  w h e n  d r i v i n g  t h e  m a c h i n e  f r o m  a  c o n v e r t e r .
M o s t  i m p o r t a n t l y  o f  a l l  t h e s e  s i m p l e  b u t  p o w e r f u l  m o d e l s  a l l o w  o n e  t o
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b u i l d  a n  i n i t i a l  u n d e r s t a n d i n g  o f  h o w  t h e  m a c h i n e  o p e r a t e s  t h r o u g h  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  m a t h e m a t i c a l  a n d  p h y s i c a l  q u a n t i t i e s .
2 . 2 D y n a m i c  M o d e l l i n g
A l t h o u g h  t h e  s t e a d y  s t a t e  m o d e l s  a r e  p o w e r f u l  t o o l s ,  i n  t h e  p u r s u i t  o f  
d y n a m i c  a n a l y s i s  w e  s o o n  e x h a u s t  t h e i r  c a p a b i l i t i e s .  T o  p r o c e e d  
f u r t h e r  i t  i s  n e c e s s a r y  t o  p r o b e  m u c h  d e e p e r  i n t o  t h e  u n d e r s t a n d i n g  o f
t h e  m a c h i n e .  I t  i s  h a r d l y  s u r p r i s i n g  t h a t  t h e i r  d y n a m i c  b e h a v i o u r  i s
s o  c o m p l e x ,  f o r  t h i s  i s  t h e  p r i c e  t o  b e  p a i d  f o r  t h e  p h y s i c a l
s i m p l i c i t y  o f  t h e  m a c h i n e ,  w h i c h  r e s u l t s  f r o m  t h e  a b s e n c e  o f  a  
c o m m u t a t o r .  F o r  n o w  t h e r e  i s  n o  d i r e c t  c o n t a c t  w i t h  t h e  m o v i n g  r o t o r ,  
a n d  w e  m u s t  t h u s  p r e d i c t  a n d  c o n t r o l  t h e  c u r r e n t  i n  i t  f r o m  t h e
s t a t i o n a r y  s t a t o r .
H i s t o r i c a l l y  d y n a m i c  m a t h e m a t i c a l  m o d e l s  h a v e  b e e n  d e v i s e d  u s i n g  
G a b r i e l  K r o n ’ s  g e n e r a l i s e d  m a c h i n e  t h e o r y  (KRON 1935 , STANLEY 1938 ) ,  
a n d  m o r e  r e c e n t l y  u s i n g  c o m p l e x  space  v e c to r s  (KOVACS 1959 , LEONHARD 
1974 , 1985 , NAUNIN 1979 ) .  T h e  r e s u l t s  a r e ,  n o t  s u r p r i s i n g l y  i d e n t i c a l ,  
t h o u g h  e a c h  t a k e s  o n  a  d i f f e r e n t  m a t h e m a t i c a l  r e p r e s e n t a t i o n .  T h e  
c o m p l e x  space  v e c to r  f o r m  h a s  b e e n  c h o s e n  h e r e  f o r  i t s  m a t h e m a t i c a l  
c o n c i s e n e s s ,  w h i c h  a m o n g  o t h e r  t h i n g s  a l l o w s  a  r e d u c t i o n  i n  t h e  t o t a l  
n u m b e r  o f  e q u a t i o n s ,  i n  c o n t r a s t  t o  g e n e r a l i s e d  m a c h i n e  t h e o r y .  T h i s  
r e p r e s e n t a t i o n  f o l l o w s  t h e  c o n v e n t i o n  c h o s e n  b y  m o s t  a u t h o r s  o n  v e c to r  
c o n tr o l  a n d  s o  a l l o w s  r e a d y  c o m p a r i s o n  w i t h  o t h e r  w o r k .
2 . 2 .1  a s s u m p t i o n s
T o  s i m p l i f y  t h e  p r o b l e m  t o  a  t r a c t a b l e  f o r m ,  t h e  s t a t o r  a n d  r o t o r  
w i n d i n g s  a r e  a s s u m e d  t o  p r o d u c e  s i n u s o i d a l  MMF w a v e s  i n  t h e  u n i f o r m  
a i r  g a p  o f  t h e  m a c h i n e ,  s p a t i a l  h a r m o n i c s  o f  t h e  w i n d i n g s  a s  w e l l  a s  
s l o t  a n d  e n d  e f f e c t s  b e i n g  d i s r e g a r d e d .  A d d i t i o n a l  a s s u m p t i o n s  a r e  
t h o s e  o f  t h e  i n f i n i t e  p e r m e a b i l i t y  o f  t h e  i r o n  c o r e  a n d  t h e  n e g l e c t  o f  
i r o n  l o s s e s  a n d  e d d y  c u r r e n t s  i n  t h e  c o n d u c t o r s  (KRAUSE 1965 , LEONHARD 
1974 , 1985 , NAUNIN 1979 ) .
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S o m e  i m p o r t a n t  f a c t o r s  w h i c h  a f f e c t  t h e  p e r f o r m a n c e  o f  t h e  r e a l  
m a c h i n e  b u t  w h i c h  h a v e  b e e n  n e g l e c t e d  i n  t h e  m o d e l  a r e  t h e  c h a n g e  i n  
p a r a m e t e r s ,  n o t  l e a s t  i n  d o u b l e  c a g e  m a c h i n e s ,  b u t  a l s o  i n  o t h e r s ,  d u e  
t o  s a t u r a t i o n ,  t e m p e r a t u r e  a n d  f r e q u e n c y  c h a n g e s  a n d  t h e  h a r m o n i c  
c o n t e n t  o f  t h e  MMF w a v e .  O n e  f i n a l  p o i n t ,  w h i c h  w i l l  b e  d i s c u s s e d  
l a t e r ,  i s  t h a t  o f  t h e  c a l c u l a t e d  e l e c t r i c a l  t o r q u e  n o t  n e c e s s a r i l y  
b e i n g  e q u a l  t o  t h e  s h a f t  t o r q u e  d u e  t o  t h e  m e c h a n i c a l  c o m p l i a n c e  o f  
t h e  r o t o r .
2 . 2 .2  s p a c e  v e c t o r  n o t a t i o n  (NAUNIN 1979 )
Space v e c to r  n o t a t i o n  i s  i n t e n d e d  t o  e n h a n c e  t h e  u n d e r s t a n d i n g  o f  
m a c h i n e  d e s c r i p t i o n  b y  p r o v i d i n g  a  p h y s i c a l  u n d e r s t a n d i n g  t o  t h e  
m a t h e m a t i c s .  F i r s t  l e t  u s  d e s c r i b e  i t s  b a c k g r o u n d .
T h e  f i r s t  s t e p  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  m u l t i p l e  p h a s e  s y s t e m s  w a s  
i n t r o d u c e d  b y  P a r k  (PARK 1926 ) w h e n  h e  d e v e l o p e d  t h e  t w o  a x i s  t h e o r y  
w h i c h  m a p p e d  a n y  m u l t i p l e  p h a s e  m a c h i n e  i n t o  j u s t  t w o  a t  r i g h t  a n g l e s ,  
w h i c h  c o u l d  b e  f i x e d  t o  a  s t a t i o n a r y  o r  a r b i t r a r y  r o t a t i n g  r e f e r e n c e  
f r a m e .  K o v a c s  a n d  R a c z  (KOVACS 1959 ) t h e n  c o m b i n e d  t h e  t w o  c o m p o n e n t s  
i n t o  o n e  s i n g l e  c o m p l e x  q u a n t i t y  b a s e d  o n  t h e  s p a t i a l  d i s t r i b u t i o n  o f  
c u r r e n t  a n d  f l u x  i n  t h e  a i r  g a p  o f  t h e  m a c h i n e .  T h i s  t e r m  w a s  c a l l e d  
t h e  space  v e c to r  t o  d i s t i n g u i s h  i t  f r o m  o r d i n a r y  v e c to r s  a n d  f r o m  t h e  
t i m e  p h a s o r  u s e d  i n  AC a n a l y s i s ,  a n d  c o u l d  b e  r e l a t e d  t o  a n y  r e f e r e n c e  
f r a m e .
F o r  t h e  m a t h e m a t i c a l  d e s c r i p t i o n  (RACZ 1977 ) o n e  m u s t  f i r s t  a s s u m e  
t h a t  t h e  f l u x  a n d  c u r r e n t  a r e  d i s t r i b u t e d  s i n u s o i d a l l y  u n d e r  t h e  
a s s u m p t i o n  t h a t  t h e  w i n d i n g  o f  e a c h  p h a s e  i s  d i s t r i b u t e d  s i n u s o i d a l l y  
( s e c t i o n  2 . 2 . 1 ) .  N e x t  i m a g i n e  a  c o m p l e x  p l a n e  p l a c e d  i n  t h e  c r o s s  
s e c t i o n  o f  t h e  m a c h i n e  ( p e r p e n d i c u l a r  t o  t h e  r o t a t i n g  s h a f t ) .  T h e  
r e s u l t i n g  f l u x  l i n k a g e  c a n  n o w  b e  t e r m e d  a  space  v e c to r ,  a  c o m p l e x  
v a r i a b l e  p o i n t i n g  f r o m  t h e  c e n t r e  o f  t h e  p l a n e  ( i . e .  w h e r e  t h e  c e n t r e  
o f  t h e  r o t o r  s h a f t  i s )  t o  t h e  m a x im u m  o f  t h e  f l u x  l i n k a g e  d i s t r i b u t i o n  
i n  t h e  a i r  g a p ,  i n  t h e  c r o s s  s e c t i o n  p l a n e  o f  t h e  m a c h i n e .  T h i s  f l u x  
l i n k a g e  i s  t h e  s p a t i a l  s u p e r p o s i t i o n  o f  t h e  f l u x  l i n k a g e s  i n  t h e  
s e p a r a t e  w i n d i n g s  ( s e e  F i g u r e  2 . 2 ) .
14
FIG 2.2 SPACE VECTO R C O N STR U C TIO N
P h a s e  c  w i n d i n g  \
T h e  s a m e  p h y s i c a l  b a c k g r o u n d  a p p l i e s  t o  t h e  d e f i n i t i o n  o f  t h e  c u r r e n t  
sp a ce  v e c to r ,  t h a t  o f  a  s i n u s o i d a l  d i s t r i b u t i o n .  H o w e v e r  t h e  f l u x  a n d  
c u r r e n t  i n  r e a l i t y  a r e  i n  t w o  p l a n e s  d i f f e r i n g  b y  90 m e c h a n i c a l  
d e g r e e s .  H e n c e  t o  r e p r e s e n t  t h e  c u r r e n t  a n d  f l u x  sp a ce  v e c to r s  i n  t h e  
s a m e  c o m p l e x  p l a n e ,  i t  i s  a s s u m e d  t h a t  t h e  c u r r e n t  sp a ce  v e c to r  p o i n t s  
a t  t h e  m a x im u m  MMF d i s t r i b u t i o n ,  w h i c h  i s  90 ° e l e c t r i c a l l y  d i s p l a c e d  
f r o m  t h e  m a x im u m  c u r r e n t  a m p l i t u d e  d i s t r i b u t i o n .
F o r  a  t h r e e  p h a s e  m a c h i n e ,  w i t h  t h e  w i n d i n g s  d i s t r i b u t e d  s y m m e t r i c a l l y  
b y  ( 2tc/3 ) r a d i a n s ,  t h e  d e f i n i t i o n  o f  t h e  f l u x  l i n k a g e  sp a ce  v e c to r  (i/O 
i n  t h e  s t a t o r  r e f e r e n c e  f r a m e  i s : -
= 0a (t) + j0g(t) =
2 4
J3TC
iMt)  
* b < t )  
iff ( t )
(2. 1)
w h e r e  ip , ip a n d  ip r e p r e s e n t  t h e  i n s t a n t a n e o u s  v a l u e s  o f  t h e  f l u x
a  b  c
l i n k a g e s  i n  t h e  t h r e e  a x e s  a t  t i m e  t .  F i g u r e  2 . 2 , t a k e n  f r o m  N a u n i n  
( N A U N I N  1 9 7 9 )  s h o w s  t h e  c o n s t r u c t i o n  o f  \p. T h e  r e s u l t i n g  s p a c e  v e c t o r
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i s  a  f a c t o r  ( 3/ 2 ) g r e a t e r  t h a n  t h e  e q u i v a l e n t  a m p l i t u d e  f l u x  l i n k a g e  
i n  e a c h  p h a s e  w i n d i n g .  I n  g e n e r a l  a n a l y s i s  space  v e c to r s  a r e  r e f e r r e d  
t o  i n  t h e i r  p o l a r  f o r m  r a t h e r  t h a n  i n  c a r t e s i a n  c o o r d i n a t e s ,  a s  s h o w n  
i n  e q u a t i o n  2 .2  ( f r o m  h e r e  o n  t h e  t  n o t a t i o n  w i l l  b e  d r o p p e d ) : -
t  = MZ* 51 (2<2)
A s  space  v e c to r s  a r e  d e f i n e d  f o r  a  s p a t i a l  s i n u s o i d a l  d i s t r i b u t i o n ,  
t h e  e f f e c t  o f  a  n o n - s i n u s o i d a l  d i s t r i b u t i o n  w o u l d  l e a d  t o  a  d e f i n i t i o n  
w i t h  a d d i t i o n a l  s p a c e  h a r m o n i c s  (S T E P IN A  1968 ) .
T h e  f o l l o w i n g  a d v a n t a g e s  o f  u s i n g  space  v e c to r  n o t a t i o n  a r e  q u o t e d : -
a )  T h e y  a r e  n o t  l i m i t e d  t o  s i n u s o i d a l  q u a n t i t i e s  i n  t i m e ,  n o r  
t o  c o n s t a n t  f r e q u e n c y .  H e n c e  t h e  n o n - s i n u s o i d a l  
i n s t a n t a n e o u s  q u a n t i t i e s  o b t a i n e d  f r o m  i n v e r t e r  o u t p u t s  c a n  
b e  d e s c r i b e d .
b )  P h a s e  a n g l e s  b e t w e e n  q u a n t i t i e s  r e s u l t s  i n  s p a t i a l  a n g l e s  
b e t w e e n  t h e i r  space  v e c to r s  ( e g  f l u x  a n d  c u r r e n t ) .
c )  T h e  space  v e c to r  h a s  a  p h y s i c a l  m e a n i n g ,  a n d  c o m b i n e s  t h e  
e f f e c t  o f  a l l  t h r e e  p h a s e s  i n t o  o n e  c o m p l e x  c o m p o n e n t .  I t  i s  
a  f a c t o r  ( 3/ 2 ) g r e a t e r  t h a n  t h e  e q u i v a l e n t  p h a s e  a m p l i t u d e .
d )  T h e  b e h a v i o u r  o f  e a c h  p h a s e  q u a n t i t y  c a n  b e  d e r i v e d  f r o m  i t s  
space  v e c to r ,  b y  p r o j e c t i o n  o n t o  t h e  a x i s  o f  i t s  w i n d i n g .
e )  T h e  t o r q u e  c a n  b e  g r a p h i c a l l y  r e p r e s e n t e d ,  s i n c e  i t  i s  
p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t h e  c u r r e n t  a n d  f l u x  space  
v e c to r  a n d  t o  t h e  s i n e  o f  t h e  a n g l e  b e t w e e n  t h e m .
f )  I n  t h e i r  p o l a r  f o r m  t h e y  c a n  e a s i l y  b e  t r a n s f o r m e d  f r o m  o n e  
r e f e r e n c e  f r a m e  t o  a n o t h e r  ( s e c t i o n  2 . 3 . 1 ) .
O n e  f i n a l  c o n d i t i o n  f o r  t h e  e x a c t  d e s c r i p t i o n  o f  t h e  m a c h i n e  b y  sp a ce  
v e c to r s  i s  t h a t  o f  n o  z e r o  c o m p o n e n t s ,  i . e .  3. + i_ + i f=  0 , w h i c h  i s  
t r u e  p r o v i d e d  t h e  m a c h i n e  h a s  n o  n e u t r a l  c o n n e c t i o n ,  a n d  r e c a l l i n g  
t h a t  a n y  d e l t a  r e p r e s e n t a t i o n  c a n  b e  c o n v e r t e d  t o  a n  e q u i v a l e n t  s t a r .
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2 .2 .3  Leonhard* s model
T h e  c o m p l e t e  m a t h e m a t i c a l  d e r i v a t i o n  o f  t h e  i n d u c t i o n  m a c h i n e  m o d e l
e q u a t i o n s  u s i n g  space  v e c to r s  h a s  b e e n  r e p r o d u c e d  m a n y  t i m e s  i n  t h e
l i t e r a t u r e ,  a n d  s o  t h e  e q u a t i o n s  a s  d e r i v e d  b y  L e o n h a r d  (LEONHARD
1974 , 1985 ) w i l l  m e r e l y  b e  s t a t e d  h e r e .  T h e  c o m p l e t e  o n e  p o l e  p a i r
m a t h e m a t i c a l  m o d e l  w i t h  M b e i n g  t h e  n e t  e l e c t r i c a l  t o r q u e  i s  a s
E
f o l l o w s .
S t a t o r  e q u a t i o n  i n  s t a t o r  r e f e r e n c e  f r a m e  ( s t a t i o n a r y ) : -
R  i  + L 5  ( i  )+  L  l ( i / )  = V ( t )  ( 2 . 3 )
s  - s  s  d t  —s  o d t  —R - s
R o t o r  e q u a t i o n  i n  r o t o r  r e f e r e n c e  f r a m e  ( r o t a t i n g ) : -
R  i  + L  f t  ( i  )+  L  f t  ( i  e " JG ) = 0 ( 2 . 4 )
R - R  R d t  - R  0  d t  - S
T o r q u e  e q u a t i o n  v a l i d  i n  a n y  r e f e r e n c e  f r a m e  ( s t a t o r  u s e d  h e r e ) : -
M ( t )  = % L  I m a g i n a r y  [ i  ( i  e J G ) ] ( 2 . 5 )
e  3 o —s - r
I n  d e r i v i n g  t h i s  t o r q u e  e q u a t i o n  t h e r e  i s  a n  i n t e g r a t i o n  o v e r  t h e  
c o m p l e t e  m a c h i n e  c i r c u m f e r e n c e .  T h e  f a c t o r  ( 2/ 3 ) c o u n t e r a c t s  t h e  space  
v e c t o r 's  m a g n i t u d e  b e i n g  a  f a c t o r  ( 3/ 2 ) g r e a t e r  t h a n  t h e  e q u i v a l e n t  
p h a s e  a m p l i t u d e ,  a s  d i s c u s s e d  i n  s e c t i o n  2 . 2 . 2 .
W i t h  t h e  m e c h a n i c a l  e q u a t i o n s  i n  t h e  s t a t o r  r e f e r e n c e  f r a m e : -
J  H t (<V  ■  M E ( t )  -  \ ( t )  ( 2 ' 6 )
( 2 . 7 )
S i n c e  t h e  f i r s t  t w o  e q u a t i o n s  c a n  b e  s p l i t  i n t o  r e a l  a n d  i m a g i n a r y
p a r t s  t h i s  r e p r e s e n t s  a  s e t  o f  s i x  n o n - l i n e a r  d i f f e r e n t i a l  e q u a t i o n s
( c . f .  g e n e r a l i s e d  m a c h i n e  t h e o r y  a n d  P a r k  t w o  a x i s  r e p r e s e n t a t i o n ) .  
T h e y  a r e  v a l i d  f o r  a n y  w a v e f o r m  o f  v o l t a g e  a n d  c u r r e n t  a n d  a t  v a r y i n g  
t o r q u e  a n d  s p e e d .
E x p a n d i n g  t h e s e  e q u a t i o n s  u n d e r  s t e a d y  s t a t e  c o n d i t i o n s  w i l l  r e v e a l  
t h e  w e l l  k n o w n  s t e a d y  s t a t e  m o d e l  d e f i n e d  i n  s e c t i o n  2 . 1 . T h i s  i s
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e a s i l y  a c h i e v e d  b y  i n s e r t i n g  t h e  v e c to r s  f o r  s i n u s o i d a l  s y m m e t r i c a l  
v o l t a g e s  a n d  c u r r e n t s  i n t o  t h e  f o r m u l a e .
2 . 2 .4  f l u x  l i n k a g e  d e f i n i t i o n s
I n  t h e  L e o n h a r d  m o d e l  t h e  s t a t o r  f l u x  l i n k a g e  sp a ce  v e c to r  ( o n  t h e  
s t a t o r  s i d e  o f  t h e  a i r  g a p )  i n  t h e  s t a t o r  r e f e r e n c e  f r a m e  i s  g i v e n  
b y :  -
a n d  t h e  a i r  g a p  f l u x  l i n k a g e  sp a ce  v e c to r  ( i n  t h e  c e n t r e  o f  t h e  a i r  
g a p )  i n  t h e  s t a t i o n a r y  r e f e r e n c e  f r a m e  a s : -
w i t h  t h e  r o t o r  f l u x  l i n k a g e  sp a ce  v e c to r  ( o n  t h e  r o t o r  s i d e  o f  t h e  a i r  
g a p )  i n  t h e  s t a t i o n a r y  r e f e r e n c e  f r a m e  a s : -
T h e  f l u x  v e c to r s  d e s c r i b e  t h e  m a g n i t u d e  a n d  a n g u l a r  p o s i t i o n  o f  t h e  
p e a k  o f  t h e  a s s u m e d  s i n u s o i d a l  f l u x  l i n k a g e  d i s t r i b u t i o n  i n  t h e  
m a c h i n e .
T h e  f l u x  l i n k a g e  space  v e c to r s  c a n  b e  e n v i s a g e d  a s  b e i n g  t h e  v o l t a g e s  
d e v e l o p e d  a c r o s s  t h e  m a g n e t i s i n g  p l u s  s t a t o r  l e a k a g e ,  m a g n e t i s i n g  a n d  
m a g n e t i s i n g  p l u s  r o t o r  l e a k a g e  i n d u c t a n c e ,  r e s p e c t i v e l y ,  i n  t h e  s t e a d y  
s t a t e  m o d e l .  N o t e  t h a t  a l l  t h r e e  f l u x  l i n k a g e s  h a v e  a p p r o x i m a t e l y  t h e  
s a m e  m a g n i t u d e  a n d  p h a s e ,  s i n c e  t h e y  d i f f e r  b y  t h e  l e a k a g e  t e r m s  o n l y .
2 . 3 A l t e r n a t i v e  R e f e r e n c e  F r a m e s
A s  o n e  c a n  o b s e r v e  f r o m  L e o n h a r d ’ s  m o d e l ,  t h e  c h o i c e  o f  r e f e r e n c e  
f r a m e  f o r  e a c h  d i f f e r e n t i a l  e q u a t i o n  i s  a r b i t r a r y ,  b u t  i n  g e n e r a l  i t  
w i l l  b e  c h o s e n  t o  a l l o w  t h e  s i m p l e s t  p o s s i b l e  m a t h e m a t i c a l  
f o r m u l a t i o n .  I n  t h e  g e n e r a l  e n g i n e e r i n g  a n a l y s i s  t h e  c h o i c e  o f  a  
m o v i n g  r e f e r e n c e  f r a m e  o v e r  a  f i x e d  o n e  c a n  l e a d  t o  t h e  e l i m i n a t i o n  o f
(2.8)
ip = L ( i  + i  e j G ) 
- ag  o - s  - R
( 2 . 9 )
(2.10)
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s t e a d y  s t a t e  o s c i l l a t i o n s ,  a l l o w i n g  a  b e t t e r  i n s i g h t  i n t o  t h e  d y n a m i c  
b e h a v i o u r .  P r e v i o u s l y  t h e  m o s t  com m o n  r e f e r e n c e  f r a m e s  w e r e  t h e  a -/3 
s t a t i o n a r y ,  f i x e d  t o  t h e  s t a t o r  a n d  t h e  D-Q s y n c h r o n o u s l y  r o t a t i n g  
r e f e r e n c e  f r a m e  ( P a r k ’ s  e q u a t i o n s ) .
U s e  o f  a l t e r n a t i v e  r e f e r e n c e  f r a m e s  h i g h l i g h t s  c e r t a i n  a s p e c t s  o f  t h e  
d y n a m i c  m o d e l ,  a n d  a l l o w s  e a s i e r  c o n t r o l .  F o r  e x a m p l e  u s i n g  a  
c o n t r o l l e r  r e f e r e n c e  f r a m e  f i x e d  t o  t h e  r o t a t i n g  f l u x  space  v e c to r  
a l l o w s  s i m p l e  c o n t r o l  o f  t h a t  f l u x  m a g n i t u d e  ( C h a p t e r  5 , s e c t i o n  5 . 1 ) .
I n  t h e  r e s t  o f  t h i s  s e c t i o n  I w i l l  e x a m i n e  t h e  p r o c e s s  o f  c o o r d i n a t e  
t r a n s f o r m a t i o n  a n d  t h e n  c o n t i n u e  b y  e x p a n d i n g  L e o n h a r d ’ s  e q u a t i o n s  
i n t o  s e v e r a l  u s e f u l  r e f e r e n c e  f r a m e s  f o r  v o l t a g e  a n d  c u r r e n t  f e d  
m a c h i n e s ,  a l o n g  w i t h  d e r i v i n g  t h e  e q u i v a l e n t  b l o c k  d i a g r a m s .
2 . 3 .1  c o o r d i n a t e  t r a n s f o r m a t i o n
C o n s i d e r  F i g u r e  2 . 3 , w h i c h  s h o w s  a  g e n e r a l  space  v e c to r  X, a n d  t h r e e  
r e f e r e n c e  f r a m e s  ( a - J 3 ) s t a t i o n a r y ,  ( d - q )  f i x e d  t o  t h e  r o t o r ,  a n d  ( e - f )  
a  g e n e r a l  p u r p o s e  r e f e r e n c e  f r a m e .  S u p p o s e  t h e  g e n e r a l  p u r p o s e  a n d  
r o t o r  r e f e r e n c e  f r a m e s  t o  r o t a t e  w i t h  i n s t a n t a n e o u s  a n g u l a r  v e l o c i t i e s  
o f :  -
(2.11)
(2.12)
r e s p e c t i v e l y  ( w i t h  r e s p e c t  t o  t h e  s t a t i o n a r y  r e f e r e n c e  f r a m e ) .
X ( t )  c a n  b e  r e p r e s e n t e d  i n  t h e  s t a t i o n a r y  r e f e r e n c e  f r a m e  a s : -
X ( t )  = X ( t )  + J X . ( t )  = | X | e J 0 ( t )  — a p 11 ( 2 . 13 )
a n d  i n  t h e  r o t a t i n g  r o t o r  r e f e r e n c e  f r a m e  a s :
X ( t )  + j X  ( t )  = |X |e
d q
(2.14)
o r  i n  t h e  g e n e r a l  p u r p o s e  r e f e r e n c e  f r a m e  a s :
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FIG 2 .3  C O -O R D IN A TE TR ANSFO RM ATIO N
x (t) + JXCt)f
To c h a n g e  r e f e r e n c e  f r a m e s  ( i n  p o l a r  c o o r d i n a t e s ) ,  t h e  m a g n i t u d e  ( | X | )  
r e m a i n s  c o n s t a n t ,  b u t  o n e  m u s t  s h i f t  t h e  p h a s e  b y  a n  a p p r o p r i a t e  
a m o u n t .  T h i s  v e c to r  r o t a t i o n  ( p h a s e  s h i f t )  b y ,  f o r  e x a m p l e  y, c a n  
s i m p l y  b e  a c h i e v e d  b y  m u l t i p l i c a t i o n  b y  e  o r  e  ( d e p e n d i n g  o n  t h e  
p h a s e  s h i f t  d i r e c t i o n ) .  F o r  e x a m p l e  t o  c o n v e r t  f r o m  t h e  s t a t i o n a r y  
r e f e r e n c e  f r a m e  t o  t h e  g e n e r a l  p u r p o s e  r e f e r e n c e  f r a m e  m u l t i p l y  b y
e - j p , o r  b y  e J P  g o i n g  f r o m  g e n e r a l  p u r p o s e  t o  s t a t i o n a r y .  S i m i l a r l y  t o
j ( e - p )  , - j ( e - p )
c o n v e r t  f r o m  t h e  r o t o r  t o  t h e  g e n e r a l  p u r p o s e  u s e  e  a n d  e
t o  r e t u r n  t o  t h e  r o t o r  r e f e r e n c e  f r a m e  (APARICO  1986 , NAUNIN 1979 ) .
C a r e  m u s t  b e  t a k e n  w h e n  d i f f e r e n t i a t i n g  space  v e c t o r s , t o  i n c l u d e  t h e
c o m p o n e n t  d u e  t o  t h e  d i f f e r e n t i a t i o n  o f  t h e  r e f e r e n c e  f r a m e  a s  w e l l .
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2 .3 .2  voltage  vector re fe rence  frame f lu x  model
T h e  space  v e c to r  r e p r e s e n t i n g  t h e  a p p l i e d  s t a t o r  v o l t a g e s  p r o v i d e s  a  
r e f e r e n c e  f r a m e  w h i c h  r o t a t e s  a t  t h e  s y n c h r o n o u s  s p e e d
A v o l t a g e  m o d e l  b a s e d  o n  L e o n h a r d ’ s  o r i g i n a l  e q u a t i o n s ,  t r a n s f o r m e d  
i n t o  t h i s  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e ,  u s i n g  t h e  d i r e c t  (D )  
a n d  q u a d r a t u r e  (Q )  c o m p o n e n t s  o f  s t a t o r  a n d  r o t o r  f l u x  l i n k a g e  
r e l a t i v e  t o  t h e  r o t a t i n g  r e f e r e n c e  f r a m e  h a s  b e e n  d e r i v e d  b y  L e o n h a r d  
( A p p e n d i x  A ) .
B y  a p p r o p r i a t e  m a n i p u l a t i o n ,  w i t h  ip a n d  \p r e p r e s e n t i n g  t h e  d i r e c t
SD SQ
a n d  q u a d r a t u r e  c o m p o n e n t s  o f  t h e  s t a t o r  f l u x  l i n k a g e  space  v e c to r  i n  
t h e  r o t a t i n g  r e f e r e n c e  f r a m e ,  a n d  \p a n d  ip t h e  d i r e c t  a n d
& RD RQ
q u a d r a t u r e  c o m p o n e n t s  o f  t h e  r o t o r  f l u x  l i n k a g e  space  v e c t o r , 
L e o n h a r d ’ s  e q u a t i o n s  c a n  b e  w r i t t e n  a s : -  ( 2 . 16 )
a t  Y d ’
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_  1 
T 'I
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T ( 1+cr ) 
S R
0
S L
T ( l+<r ) T S  0  T
R S R P R  SO R
T S  0
R P R  SO
SD
SQ
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S  T 
p s  s
V ( t )  
s
■~v
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T h e  t o r q u e  i s  r e p r e s e n t e d  b y :  -
M = 2 ( l+<r )M (ip ip -  ip \p )
E S  PO SQ  RD SD RQ
( 2 . 17 )
w h e r e  MpQ i s  t h e  p e a k  m a c h i n e  t o r q u e  d e f i n e d  i n  t h e  n o m e n c l a t u r e  a t  
t h e  s t a r t  o f  t h i s  d i s s e r t a t i o n .
T h e  f o r m  o f  t h e s e  e q u a t i o n s  w i l l  b e  u s e d  i n  t h e  t r a n s i e n t  a n a l y s i s  i n  
C h a p t e r  3 . T h e s e  e q u a t i o n s  c a n  a l s o  b e  p r o c e s s e d  a n d  r e p r e s e n t e d  i n  
b l o c k  d i a g r a m  f o r m  a s  s h o w n  i n  F i g u r e  2 . 4 .
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2 . 3 .3  v o l t a g e  v e c t o r  r e f e r e n c e  f r a m e  c u r r e n t  m o d e l
A n o t h e r  w i d e l y  u s e d  s y n c h r o n o u s  r e f e r e n c e  f r a m e  d y n a m i c  m o d e l ,  c a n  b e  
d i r e c t l y  d e r i v e d  f r o m  t h e  p r e v i o u s  f l u x  m o d e l  ( s e c t i o n  2 . 3 . 2 ) ,  w h i c h  
u s e s  t h e  m a c h i n e  c u r r e n t s  a s  v a r i a b l e s  ( s t a t e s ) .
T h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e  r o t a t e s  a t  s p e e d  o>s  ( s y n c h r o n o u s  
s p e e d ) ,  a n d  i s  d e f i n e d  a g a i n  b y  t h e  space  v e c to r  o f  t h e  a p p l i e d  s t a t o r  
v o l t a g e s .
T h i s  m o d e l ,  b a s e d  o n  L e o n h a r d ’ s  o r i g i n a l  e q u a t i o n s  t r a n s f o r m e d  i n t o  
t h i s  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e ,  u s e s  t h e  d i r e c t  (D )  a n d  
q u a d r a t u r e  (Q )  c o m p o n e n t s  o f  t h e  s t a t o r  a n d  r o t o r  c u r r e n t  space  
v e c to r s  r e l a t i v e  t o  t h e  r o t a t i n g  r e f e r e n c e  f r a m e ,  a n d  h a s  b e e n  d e r i v e d  
i n  f u l l  i n  A p p e n d i x  B .
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a n d  q u a d r a t u r e  c o m p o n e n t s  o f  t h e  s t a t o r  c u r r e n t  sp a ce  v e c to r  i n  t h e
r o t a t i n g  r e f e r e n c e  f r a m e ,  a n d  i  a n d  i  t h e  d i r e c t  a n d  q u a d r a t u r e  
°  RD RQ
c o m p o n e n t s  o f  t h e  r o t o r  c u r r e n t  space  v e c to r , L e o n h a r d ' s  e q u a t i o n s  c a n  
b e  w r i t t e n  a s  e q u a t i o n  2 . 18 , w h e r e  V , V r e p r e s e n t  t h e  d i r e c t  a n d
SD SQ
q u a d r a t u r e  c o m p o n e n t s  o f  t h e  s t a t o r  v o l t a g e  sp a ce  v e c t o r , r e s o l v e d  
i n t o  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e : -  ( 2 . 1 8 )
By appropria te  manipulation with i gD and i sQ rep resen tin g  the d i r e c t
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T h e  t o r q u e  i s  r e p r e s e n t e d  b y : -
M ( t )  = ^  L  I m a g i n a r y [ i  i  - i  i  ] ( 2 . 19 )
E 3 0  & J SQ RD SD RQ
T h e s e  e q u a t i o n s  c a n  a l s o  b e  p r o c e s s e d  a n d  r e p r e s e n t e d  i n  b l o c k  d i a g r a m  
f o r m ,  a s  i s  s h o w n  i n  F i g u r e  2 . 5 , u s i n g  t h e  f l u x  l i n k a g e  d e f i n i t i o n s  o f  
s e c t i o n  2 . 2 . 4 .
2 . 3 .4  s t a t o r  f l u x  r e f e r e n c e  f r a m e
T h e  r o t a t i n g  s t a t o r  f l u x  space  v e c to r  r e f e r e n c e  f r a m e  m o d e l  h a s  b e e n  
d e r i v e d  i n  f u l l  b y  me i n  A p p e n d i x  C. T h e  s t a t o r  v o l t a g e  e q u a t i o n  
( e q u a t i o n  2 . 3 ) ,  w h e n  s p l i t  i n t o  d i r e c t  (D )  a n d  q u a d r a t u r e  (Q )  
c o m p o n e n t s  r e l a t i v e  t o  t h e  r o t a t i n g  s t a t o r  f l u x  ( o r  f l u x  l i n k a g e )  
sp a ce  v e c to r  r e f e r e n c e  f r a m e ,  c a n  b e  w r i t t e n  a s : -
- - - ■ j
0
=
- R  0
s
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d
d t xb + 
SD
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■
V
SD
0 0 - R
s
i
.  SQ.
Ct>
MS
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and the ro to r  voltage  equation (equation 2.4) a s : -
23
FIG 2 .5  SYN C H R O N O U SLY ROTATING D - Q  M O D EL
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w i t h  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ) a s : -
M = % i  0 
e  3 SQ *SD (2.22)
T o g e t h e r  w i t h  e q u a t i o n  2 . 7 , t h e s e  t h r e e  e q u a t i o n s  d e f i n e  t h e  d y n a m i c  
i n d u c t i o n  m a c h i n e  e q u a t i o n s  i n  t h e  s t a t o r  f l u x  ( o r  f l u x  l i n k a g e )  space  
v e c to r  r e f e r e n c e  f r a m e .  F r o m  e q u a t i o n s  2 . 2 0 , 2 . 2 1 , 2 .2 2  a n d  2 .7  t h e
c o m p l e t e  b l o c k  d i a g r a m  o f  t h e  v o l t a g e  f e d  i n d u c t i o n  m a c h i n e  c a n  b e  
d e r i v e d  a s  i n  F i g u r e  2 . 6 .
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FIG  2 .6  STATOR FLU X  VOLTAGE M O DEL
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B y  a s s u m i n g  t h e  i n d u c t i o n  m a c h i n e  t o  b e  f e d  f r o m  a n  i m p r e s s e d  c u r r e n t  
s o u r c e ,  t h e  s t a t o r  d i f f e r e n t i a l  e q u a t i o n  c a n  b e  n e g l e c t e d  a n d  t h e  
m o d e l  c a n  b e  g r e a t l y  s i m p l i f i e d .  F i g u r e  2 .7  s h o w s  t h e  b l o c k  d i a g r a m  o f  
t h e  c u r r e n t  i m p r e s s e d  m a c h i n e .
2 . 3 .5 a i r  g a p  f l u x  r e f e r e n c e  f r a m e
I h a v e  a l s o  d e r i v e d  i n  f u l l  t h e  r o t a t i n g  a i r  g a p  f l u x  space  v e c to r  
r e f e r e n c e  f r a m e  m o d e l ,  i n  A p p e n d i x  D. T h e  s t a t o r  v o l t a g e  e q u a t i o n  
( e q u a t i o n  2 . 3 ) w h e n  s p l i t  i n t o  d i r e c t  (D )  a n d  q u a d r a t u r e  (Q )  
c o m p o n e n t s  r e l a t i v e  t o  t h e  r o t a t i n g  a i r  g a p  f l u x  ( o r  f l u x  l i n k a g e )  
sp a ce  v e c to r  r e f e r e n c e  f r a m e  c a n  b e  w r i t t e n  a s : -  ( 2 . 2 3 )
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S i m i l a r l y ,  t h e  r o t o r  v o l t a g e  ( e q u a t i o n  2 . 4 ) c a n  b e  w r i t t e n  a s : -  
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AGD
w i t h  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ) a s : -
M = |  i  ip
E 3 SQ AGD ( 2 . 2 5 )
T o g e t h e r  w i t h  e q u a t i o n  2 . 7 , t h e s e  t h r e e  e q u a t i o n s  d e f i n e  t h e  d y n a m i c  
i n d u c t i o n  m a c h i n e  e q u a t i o n s  i n  t h e  a i r  g a p  f l u x  ( o r  f l u x  l i n k a g e )  
sp a ce  v e c to r  r e f e r e n c e  f r a m e .  F r o m  e q u a t i o n s  2 . 2 3 , 2 . 2 4 , 2 .2 5  a n d  2 .7  
t h e  c o m p l e t e  b l o c k  d i a g r a m  o f  t h e  v o l t a g e  f e d  i n d u c t i o n  m a c h i n e  c a n  b e  
d e r i v e d  a s  i n  F i g u r e  2 . 8 .
B y  a s s u m i n g  t h e  i n d u c t i o n  m a c h i n e  t o  b e  f e d  f r o m  a n  i m p r e s s e d  c u r r e n t  
s o u r c e ,  t h e  s t a t o r  d i f f e r e n t i a l  e q u a t i o n  c a n  b e  n e g l e c t e d  a n d  t h e  
m o d e l  c a n  b e  g r e a t l y  s i m p l i f i e d  ( F i g u r e  2 . 9 ) .
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2 .3 .6  ro to r  f lu x  re fe rence  frame
T h e  r o t a t i n g  r o t o r  f l u x  space  v e c to r  r e f e r e n c e  f r a m e  m o d e l  h a s  b e e n  
d e r i v e d  i n  f u l l  i n  A p p e n d i x  E . T h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n  
2 . 3 ) w h e n  s p l i t  i n t o  d i r e c t  (D )  a n d  q u a d r a t u r e  (Q )  c o m p o n e n t s  r e l a t i v e  
t o  t h e  r o t a t i n g  r o t o r  f l u x  ( o r  f l u x  l i n k a g e )  space  v e c to r  r e f e r e n c e  
f r a m e  c a n  b e  w r i t t e n  a s : -  ( 2 . 2 6 )
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S i m i l a r l y ,  t h e  r o t o r  v o l t a g e  ( e q u a t i o n  2 . 4 ) c a n  b e  w r i t t e n  a s : -
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w i t h  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ) a s :  -
2 1
M = % -rfr-— T i  0
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( 2 . 2 8 )
T o g e t h e r  w i t h  e q u a t i o n  2 . 7 , t h e s e  t h r e e  e q u a t i o n s  d e f i n e  t h e  d y n a m i c  
i n d u c t i o n  m a c h i n e  e q u a t i o n s  i n  t h e  r o t o r  f l u x  ( o r  f l u x  l i n k a g e )  space  
v e c to r  r e f e r e n c e  f r a m e .  F r o m  e q u a t i o n s  2 . 2 6 , 2 . 2 7 , 2 .2 8  a n d  2 .7  t h e
c o m p l e t e  b l o c k  d i a g r a m  o f  t h e  v o l t a g e  f e d  i n d u c t i o n  m a c h i n e  c a n  b e  
d e r i v e d  a s  i n  F i g u r e  2 . 10 .
B y  a s s u m i n g  t h e  i n d u c t i o n  m a c h i n e  t o  b e  f e d  f r o m  a n  i m p r e s s e d  c u r r e n t  
s o u r c e ,  t h e  s t a t o r  d i f f e r e n t i a l  e q u a t i o n  c a n  b e  n e g l e c t e d  a n d  t h e  
m o d e l  c a n  b e  g r e a t l y  s i m p l i f i e d .  F i g u r e  2 .11  s h o w s  t h e  b l o c k  d i a g r a m  
o f  t h e  c u r r e n t  i m p r e s s e d  m a c h i n e .
T h e  c u r r e n t  i m p r e s s e d  m o d e l  i n  t h i s  r e f e r e n c e  f r a m e ,  p r o v i d e s  t h e  m o s t  
s i m p l e  d y n a m i c  r e p r e s e n t a t i o n  o f  t h e  m a c h i n e ,  a n d  w i l l  b e  u s e d  i n  
l a t e r  C h a p t e r s  t o  d e t e r m i n e  t h e  t r a n s i e n t  r e s p o n s e .  B e c a u s e  o f  i t s  
s i m p l i c i t y ,  i t  i s  t h e  r e f e r e n c e  f r a m e  c h o s e n  f o r  d y n a m i c  c o n t r o l  a s  
w i l l  b e  d i s c u s s e d  i n  C h a p t e r  5 .
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2 .4  Torque Production In The Induction Machine
2 . 4 . 1 t o r q u e  e x p r e s s i o n s
T h e  f u n d a m e n t a l  g o a l  o f  m a c h i n e  c o n t r o l  i s  t h e  c o n t r o l  o f  s h a f t  
t o r q u e .  S i n c e  t o r q u e  i s  t h e  p r o d u c t  o f  f o r c e  a n d  d i s t a n c e ,  t h e  
d i s t a n c e  b e i n g  f i x e d  f r o m  t h e  p o i n t  o f  a c t i o n  o f  t h e  r e s u l t a n t  f o r c e  
t o  t h e  c e n t r e  o f  t h e  r o t o r  s h a f t ,  i t  i s  t h e  c o n t r o l  o f  f o r c e  w h i c h  w e  
m u s t  a c h i e v e .  T h e  f o r c e  r e f e r r e d  t o  i s  t h a t  w h i c h  a c t s  o n  t h e  m a c h i n e  
s h a f t  a n d  m a t h e m a t i c a l l y  a r i s e s  a s  t h e  v e c to r  c r o s s  p ro d u c t  o f  t h e  
f l u x  d e n s i t y  ( B )  a n d  c u r r e n t  ( i )  space  v e c to r  ( e q u a t i o n  2 . 2 9 ) : -
w h e r e  L i s  t h e  l e n g t h  o f  t h e  c o n d u c t o r  i n  t h e  m a g n e t i c  f i e l d .  T h i s  i s  
b a l a n c e d  b y  a n  e q u a l  a n d  o p p o s i t e  f o r c e  a r i s i n g  o n  t h e  s t a t o r ,  a n d  i s  
t h e  r e a c t i o n  t o r q u e  d e v e l o p e d  f r o m  t h e  f l u x  a n d  c u r r e n t  i n  t h e  s t a t o r .  
T h i s  a l l o w s  u s  t o  d e v e l o p  s e v e r a l  a l t e r n a t i v e  e x p r e s s i o n s  f o r  t o r q u e  
r e l a t i n g  t o  t h e  s t a t o r  a n d  r o t o r  c u r r e n t s  a n d  t o  t h e  s t a t o r ,  a i r  g a p  
a n d  r o t o r  f l u x  l i n k a g e s ,  a s  d e f i n e d  i n  s e c t i o n  2 . 2 . 4 .
C o n s i d e r  i n  t h e  s t a t o r  r e f e r e n c e  f r a m e  t h e  i n t e r a c t i o n  o f  r o t o r  
c u r r e n t  a n d  m a c h i n e  f l u x .  I n t e r a c t i o n  w i t h  t h e  r o t o r  f l u x  g i v e s  
e q u a t i o n  2 . 3 0 , w i t h  K a s  a  c o n s t a n t  o f  p r o p o r t i o n a l i t y : -
T h e  f a c t o r  ( 2/ 3 ) c o u n t e r a c t s  t h e  space  v e c t o r 's  m a g n i t u d e  b e i n g  a  
f a c t o r  ( 3/ 2 ) g r e a t e r  t h a n  t h e  e q u i v a l e n t  p h a s e  a m p l i t u d e ,  a s  d i s c u s s e d  
i n  s e c t i o n  2 . 2 . 2 .
B e a r  i n  m i n d  t h a t  t h e  f l u x  i n  t h e  r o t o r  i s  m a d e  u p  o f  t h e  a i r  g a p  f l u x  
t o g e t h e r  w i t h  a  c o m p o n e n t  o f  s e l f  f l u x  p r o d u c e d  b y  t h e  r o t o r  c u r r e n t  
a n d  r o t o r  l e a k a g e  i n d u c t a n c e .  T h i s  l a t t e r  f l u x  c a n n o t  i n t e r a c t  w i t h  
t h e  r o t o r  ( s e l f )  c u r r e n t  t o  p r o d u c e  a  n e t  t a n g e n t i a l  f o r c e  p r o d u c i n g  
r o t a t i o n ,  t h o u g h  i t  d o e s  l e a d  t o  r o t o r  b u r s t i n g  f o r c e s .  H e n c e  a n  
a l t e r n a t i v e  e x p r e s s i o n  f o r  t o r q u e  i s  i n  t e r m s  o f  t h e  a i r  g a p  f l u x ,
F  = L  ( i  x  B ) ( 2 . 2 9 )
( 2 . 3 0 )
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which i s  given by equation 2.31, in  the s t a t o r  re fe rence  fram e:-
C o n t i n u i n g  w i t h  t h i s  a r g u m e n t ,  s i n c e  t h e  s t a t o r  f l u x  d i f f e r s  f r o m  t h e  
a i r  g a p  f l u x  o n l y  b y  a  c o m p o n e n t  o f  s e l f  f l u x  d u e  t o  t h e  s t a t o r  
c u r r e n t  a n d  s t a t o r  l e a k a g e  i n d u c t a n c e ,  a  t o r q u e  r e l a t i o n s h i p  b e t w e e n  
s t a t o r  f l u x  l i n k a g e  a n d  r o t o r  c u r r e n t  q u a n t i t i e s  c a n  b e  d e r i v e d ,  w h i c h  
w i l l  h a v e  a  m a g n i t u d e  i n c r e a s e  o f  ( l+ c r s ) .  T h u s  a n o t h e r  e x p r e s s i o n  f o r  
t o r q u e  i n  t h e  s t a t o r  r e f e r e n c e  f r a m e  i s  e q u a t i o n  2 . 32 : -
S i m i l a r l y  c o n s i d e r i n g  t h e  i n t e r a c t i o n  o f  f l u x  a n d  s t a t o r  c u r r e n t ,  t h e n  
i n t e r a c t i o n  w i t h  s t a t o r  f l u x  g i v e s  e q u a t i o n  2 . 33 , a i r  g a p  f l u x  
e q u a t i o n  2 .3 4  a n d  r o t o r  f l u x  e q u a t i o n  2 . 3 5 , a l l  i n  t h e  s t a t o r  
r e f e r e n c e  f r a m e : -
I n  c o n c l u s i o n  i t  c a n  b e  s e e n  t h a t  e a c h  o f  t h e  t o r q u e  e x p r e s s i o n s  i s  
i d e n t i c a l  a n d  i n d e p e n d e n t  o f  w h i c h  f l u x  l i n k a g e  a n d  c u r r e n t  w e  c h o s e  
( a n d  i s  v a l i d  i n  a n y  r e f e r e n c e  f r a m e ) .  H o w e v e r  t h e  d i r e c t i o n  o f  t h e  
f o r c e  ( t o r q u e )  d e p e n d s  o n  w h e t h e r  w e  a r e  r e f e r r i n g  i t  t o  r o t o r
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q u a n t i t i e s ,  i n  w h i c h  c a s e  i t  i s  t h e  a c t i o n  f o r c e ,  o r  t o  s t a t o r  
q u a n t i t i e s ,  w h e n  i t  i s  t h e  r e a c t i o n  f o r c e  ( a n d  t h e r e f o r e  i n  t h e  
o p p o s i t e  d i r e c t i o n ) .  I n  f a c t  i f  w e  a n a l y s e  i n  d e p t h  (LEONHARD 1974 , 
1985 ) w e  f i n d  t h a t  K ( t h e  p r o p o r t i o n a l i t y  c o n s t a n t )  i n  e a c h  e x p r e s s i o n  
c a n  b e  r e p l a c e d  w i t h  t h e  n u m b e r  o f  p o l e  p a i r s .
2 . 4 .2  p h y s i c a l  g e n e r a t i o n
F r o m  e q u a t i o n  2 . 2 9 , w e  w o u l d  p r e d i c t  t h e  f o r c e  o n  t h e  r o t o r  t o  a r i s e
o n  t h e  r o t o r  c o n d u c t o r s  t h e m s e l v e s .  H o w e v e r ,  i f  w e  e x a m i n e  a  t y p i c a l
r o t o r  p e r i p h e r y  a s  i n  F i g u r e  2 . 12 , w i t h  n o  r o t o r  c u r r e n t ,  t h e  m a g n e t i c
f i e l d  l i n e s  p a s s i n g  a c r o s s  t h e  a i r  g a p  w o u l d  f o l l o w  t h e  p a t h  o f
g r e a t e s t  p e r m e a b i l i t y  a n d  p a s s  t h r o u g h  t h e  f e r r o m a g n e t i c  m a t e r i a l  ( p
i r o n / s t e e l  > 2000 , p  c o p p e r  ~ 1 ) .  I f  r o t o r  c u r r e n t  f l o w s  t h e r e  i s  n oR
d i r e c t  i n t e r a c t i o n  o f  r o t o r  c u r r e n t  a n d  f l u x .  T h e  s o l u t i o n  t o  t h i s  
p r o b l e m  i s  t h a t  w h e n  c u r r e n t  f l o w s  i n  t h e  r o t o r  b a r s ,  i t  s e t s  u p  i t s  
o w n  m a g n e t i c  f i e l d ,  a n d  t h e  i n t e r a c t i o n  b e t w e e n  t h e  t w o  f i e l d s  c r e a t e s  
t h e  f o r c e  a c t i n g  o n  t h e  r o t o r  i r o n  ( m a i n l y  a r o u n d  t h e  t e e t h ) .
F o r  h i g h  d y n a m i c  p e r f o r m a n c e  d r i v e s  i t  i s  a l l  v e r y  w e l l  p r o d u c i n g  a  
h i g h  e l e c t r i c a l  t o r q u e  b a n d w i d t h ,  b u t  t h e  p r o b l e m  o f  h o w  t h i s  t o r q u e  
r e a c h e s  t h e  o u t p u t  s h a f t  m u s t  b e  a d d r e s s e d .  T h u s  t h e  m e c h a n i c a l  s e l f
r e s o n a n t  f r e q u e n c i e s  o f  t h e  m a c h i n e ,  e s p e c i a l l y  t h e  r o t o r  m u s t  b e
c o n s i d e r e d .  L i m i t i n g  m a c h i n e  f a c t o r s  c o u l d  b e  t h e  r o t o r  
c o n d u c t o r / r o t o r  i r o n  m e c h a n i c a l  i n t e r f a c e  a n d  t h e  m e c h a n i c a l  r e s o n a n t  
f r e q u e n c y  o f  t h e  s t a t o r / r o t o r  t e e t h .  H o w e v e r ,  e v e n  s t a n d a r d  m a c h i n e s  
w i l l  h a v e  r e s o n a n t  f r e q u e n c i e s  o f  t h e  o r d e r  o f  s e v e r a l  k H z  (BRADFORD 
1991 ) .
F i n a l l y ,  p r o v i d e d  t h a t  t h e  c o n t r o l  s c h e m e  a n d  m a c h i n e  h a s  b e e n
d e s i g n e d  c o r r e c t l y  a n d  a  h i g h  s h a f t  m e c h a n i c a l  t o r q u e  b a n d w i d t h  
a c h i e v e d ,  t h e  o n e  r e m a i n i n g  p r o b l e m  i s  t h e  c a r e f u l  d e s i g n  o f  t h e
m e c h a n i c a l  c o u p l i n g  t o  t h e  l o a d .  I n  t h e  h i g h e s t  p e r f o r m a n c e  s p i n d l e  
d r i v e s ,  t h e  l o a d  i s  o f t e n  a n  e x t e n s i o n  o f  t h e  r o t o r  s h a f t  (GEYSEN 
1988 ) .
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2 .5  S t e a d y  S t a t e  T o r q u e - S l i p  C h a r a c t e r i s t i c s
U s i n g  t h e  c u r r e n t  i m p r e s s e d  m o d e l s  d e r i v e d  i n  s e c t i o n  2 . 3 , t h e  s t e a d y  
s t a t e  t o r q u e - s l i p  c h a r a c t e r i s t i c s  u n d e r  c o n s t a n t  s t a t o r ,  a i r  g a p  a n d  
r o t o r  f l u x  ( o r  f l u x  l i n k a g e )  o p e r a t i o n  c a n  b e  d e r i v e d ,  a s  w e l l  a s  t h e  
p e a k  p u l l - o u t  t o r q u e  (HO 1988 , MAGUREANU 1986 , XU 1988 ) .  F o r  a  GEC 7 .5  
kW, 1500 rp m  415 V o l t  c a g e  i n d u c t i o n  m a c h i n e  w h o s e  p a r a m e t e r s  a r e  
l i s t e d  i n  A p p e n d i x  F ,  t h e  t h r e e  s t e a d y  s t a t e  t o r q u e - s l i p  
c h a r a c t e r i s t i c s  a r e  p l o t t e d  i n  F i g u r e  2 . 13 .
A s  c a n  b e  s e e n  f r o m  t h i s  F i g u r e  t h e r e  i s  a  m a x im u m  p u l l - o u t  t o r q u e  
u n d e r  c o n s t a n t  a i r  g a p  a n d  s t a t o r  f l u x  l i n k a g e  c o n t r o l .  H o w e v e r ,  w i t h  
c o n s t a n t  r o t o r  f l u x  l i n k a g e  c o n t r o l  t h e r e  i s  n o  p r e d i c t e d  p u l l - o u t  
t o r q u e .
T h e  e q u a t i o n s  f o r  t h e  t o r q u e - s l i p  c h a r a c t e r i s t i c s  a n d  m a x i m u m  p u l l - o u t
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TORQUE/FLUX SQUARED (NM/Wb~2)
SLIP ANGULAR FR EQ U EN CY (R a d s /S e c )
CONSTANT FLUX OPERATION ASSUMED
t o r q u e  a r e  d e r i v e d  i n  f u l l  i n  A p p e n d i c e s  G, H a n d  I ,  b u t  t h e s e  
e q u a t i o n s  i n d i c a t e  t h a t  t h e  p u l l - o u t  s l i p  i s  o n l y  d e p e n d e n t  o n  t h e  
m a c h i n e  p a r a m e t e r s  a n d  n o t  o n  t h e  f l u x  ( o r  f l u x  l i n k a g e ) .  H o w e v e r ,  t h e  
m a c h i n e  t o r q u e  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  f l u x  ( o r  f l u x  
l i n k a g e )  f o r  a  v o l t a g e  f e d  m a c h i n e ,  a n d  h e n c e  a  s m a l l  c h a n g e  i n  f l u x  
l e v e l  w i l l  c a u s e  a  s i g n i f i c a n t  c h a n g e  i n  p e a k  t o r q u e .
T h e s e  t h e o r e t i c a l  r e s u l t s  a s s u m e  t h a t  t h e r e  i s  n o  l i m i t  t o  t h e  a m o u n t  
o f  s t a t o r  c u r r e n t  i m p r e s s e d ,  a n d  s e c o n d l y  t h e r e  i s  n o  s a t u r a t i o n  i n  
t h e  m a c h i n e .  I n  r e a l i t y ,  u n d e r  m o t o r i n g  c o n d i t i o n s  t h e  s t a t o r  f l u x  i s  
l a r g e r  t h a n  t h e  a i r  g a p  f l u x  w h i c h  i s  a l s o  l a r g e r  t h a n  t h e  r o t o r  f l u x .  
U n d e r  c o n s t a n t  a i r  g a p  o r  r o t o r  f l u x  o p e r a t i o n ,  s t a t o r  f l u x  s a t u r a t i o n
i s  l i k e l y ,  a n d  t h e n  t h e  o v e r a l l  f l u x  l e v e l  w i l l  b e  r e d u c e d .
I n  c o n c l u s i o n ,  c o n s t a n t  r o t o r  f l u x  o p e r a t i o n  t h e o r e t i c a l l y  h a s  t h e
a d v a n t a g e  o f  a  l i n e a r  t o r q u e - s l i p  c h a r a c t e r i s t i c  w i t h  n o  p u l l - o u t
t o r q u e .  T h i s  i s  o f t e n  u s e d  f o r  v e c to r  c o n tr o l ,  t o g e t h e r  w i t h  t h e  r o t o r
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f l u x  r e f e r e n c e  f r a m e  m a c h i n e  m o d e l  f o r  s i m p l i c i t y ,  a s  w i l l  b e  
d i s c u s s e d  i n  C h a p t e r  5 .
2 .6  I n t r o d u c t i o n  T o  S i m u l a t i o n
D u e  t o  t h e  c o m p l e x  n a t u r e  o f  t h e  m a c h i n e  d y n a m i c  e q u a t i o n s  w h i c h  a r e  
d i f f i c u l t  t o  s o l v e  a n a l y t i c a l l y  ( e s p e c i a l l y  w h e n  v o l t a g e  i m p r e s s e d ) ,  
t h e y  a r e  o f t e n  s o l v e d  b y  u s i n g  a  d i g i t a l  c o m p u t e r  (KRAUSE 1965 ) .  
A l t h o u g h  n o t  t h e  i d e a l  t h e o r e t i c a l  s o l u t i o n ,  s i m u l a t i o n  c a n  p r o v i d e  
y o u  w i t h  a  n a tu r a l  f e e l  f o r  t h e  s o l u t i o n  o f  t h e  m a c h i n e  d i f f e r e n t i a l  
e q u a t i o n s .  S i m i l a r l y  t h e  ‘ s n o o k e r  p l a y e r ’ d o e s  n o t  s o l v e  t h e  
d i f f e r e n t i a l  e q u a t i o n s  n e c e s s a r y  f o r  e a c h  s h o t ,  b u t  k n o w s  
i n s t i n c t i v e l y  f r o m  p r a c t i c e  w h i c h  s h o t  t o  p l a y .
T h e  s i m u l a t i o n  p a c k a g e  u s e d  w a s  M i t c h e l l  a n d  G a u t h i e r  A s s o c i a t e s  
‘ A C S L ’ V e r s i o n  1987 ( A d v a n c e d  C o n t i n u o u s  S i m u l a t i o n  L a n g u a g e )  r u n n i n g  
o n  a n  IBM P C . A n o t h e r  p a c k a g e  T h e  M a t h  W o r k s  I n c .  ‘ PC MATLAB’ , 1987
V e r s i o n  3 . 01 , r u n n i n g  o n  a n  IBM PC e n a b l e d  t h e  t i m e  r e s p o n s e  s o l u t i o n  
o f  t h e  s t a t e  s p a c e  a n a l y s i s  t o  b e  e a s i l y  p e r f o r m e d  a s  d i s c u s s e d  i n  
C h a p t e r  4 . S y m b o l i c  e q u a t i o n  m a n i p u l a t i o n  w a s  p r o v i d e d  b y  t h e  
‘ MATHEMATICA’ p a c k a g e  f o r  t h e  M a c i n t o s h ,  b y  W o l f r a m  R e s e a r c h  I n c .  
( V e r s i o n  1 . 1 ) .
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3 TRANSIENT ANALYSIS
T h e  t r a n s i e n t  p e r f o r m a n c e  o f  t h e  c u r r e n t  f e d  i n d u c t i o n  m a c h i n e  i s  
t h e o r e t i c a l l y  i n v e s t i g a t e d  u s i n g  t h e  d y n a m i c  m a c h i n e  e q u a t i o n s ,  a n d  i s  
f o u n d  t o  c o m p r i s e  t h e  f o r c e d  a n d  u n f o r c e d  r e s p o n s e .  T h e  f o r m  o f  t h e  
u n f o r c e d  ( t r a n s i e n t )  r e s p o n s e  c a n  b e  c a l c u l a t e d  f r o m  t h e  m a c h i n e  
e i g e n - v a l u e s  a n d  i s  s i m p l y  r e p r e s e n t e d  u s i n g  space vectors. 
T h e o r e t i c a l l y ,  t h e  v o l t a g e  f e d  i n d u c t i o n  m a c h i n e  t o r q u e  a n d  f l u x  
r e s p o n s e  i s  a n a l y s e d  u s i n g  s t a t e  s p a c e  t e c h n i q u e s .  E i g e n - v a l u e s  c a n  
a g a i n  b e  u s e d  t o  p r e d i c t  t h e  t r a n s i e n t  r e s p o n s e .  A p h y s i c a l  
u n d e r s t a n d i n g  o f  t h e  m a c h i n e  t r a n s i e n t  r e s p o n s e  i s  i n v e s t i g a t e d .
3 . 1 T o r q u e  G e n e r a t i o n
I n  C h a p t e r  2 w e  h a v e  c h o s e n  t o  e x p r e s s  t o r q u e  p r o d u c t i o n  i n  t e r m s  o f  
c u r r e n t  a n d  f l u x  i n t e r a c t i o n .  H o w e v e r ,  C h a p t e r  2 , s e c t i o n  2 . 4 .1  a l s o
s h o w s  t h a t  t h i s  c a n  b e  s i m p l i f i e d  f u r t h e r ,  s i n c e  n o  m a t t e r  w h i c h
c u r r e n t  a n d  f l u x  i s  c h o s e n  t h e  t o r q u e  e x p r e s s i o n  c a n  b e  r e d u c e d  t o  t h e
s a m e  i d e n t i c a l  i n t e r a c t i o n  b e t w e e n  t h e  s t a t o r  a n d  r o t o r  c u r r e n t  space 
vectors.
T h e o r e t i c a l l y  w e  c a n  a c h i e v e  t o r q u e  c o n t r o l  b y  c o n t r o l l i n g  t h e  s t a t o r
c u r r e n t  ( i  ) a n d  r o t o r  c u r r e n t  ( i  ) space vectors i n d e p e n d e n t l y .  I n  —S —R
p r a c t i c e  t h i s  i s  u n r e a l i s a b l e ,  f o r  i n  t h e  c a g e  i n d u c t i o n  m a c h i n e  w e  
c a n  o n l y  i m p r e s s  a n d  c o n t r o l  t h e  s t a t o r  c u r r e n t  space vector ; t h e  
r o t o r  c u r r e n t  space vector's r e s p o n s e  w i l l  d e p e n d  o n  t h e  r o t o r  
d i f f e r e n t i a l  e q u a t i o n  ( C h a p t e r  2 , e q u a t i o n  2 . 4 ) .  To  a p p l y  t o r q u e  
c o n t r o l  w e  w o u l d  t h e r e f o r e  h a v e  t o  m e a s u r e  o r  e s t i m a t e  t h e  r o t o r
c u r r e n t  space vector ( i R ) a n d  c o n t r o l  t h e  s t a t o r  c u r r e n t  space vector 
( i g ) a c c o r d i n g l y .  T h e  m e a s u r e m e n t  o f  r o t o r  c u r r e n t  i s  n o t  p r a c t i c a l  
f o r  s t a n d a r d  c a g e  m a c h i n e s ,  a n d  a l s o  w e  w o u l d  o n l y  h a v e  a n  i n d i r e c t  
c o n t r o l  o n  m a c h i n e  f l u x .  A s  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  4 , s e c t i o n
4 .1  w e  w o u l d  l i k e  t o  m a i n t a i n  f l u x  c o n s t a n t  f o r  g o o d  d y n a m i c  
p e r f o r m a n c e ,  a n d  i n  a d d i t i o n  u n d e s i r a b l e  f l u x  s a t u r a t i o n  m a y  a l s o  
r e s u l t  f r o m  c u r r e n t  c o n t r o l .
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T h e  e x p r e s s i o n s  f o r  t o r q u e  i n v o l v i n g  c u r r e n t  a n d  f l u x  a l s o  i n i t i a l l y  
p o s e  t h e  s a m e  p r o b l e m s .  S i n c e  w e  a r e  i m p r e s s i n g  a n d  c o n t r o l l i n g  t h e  
s t a t o r  c u r r e n t  space  v e c to r  ( i_  ) w e  m u s t  m e a s u r e  o r  e s t i m a t e  o n e  o f  
t h e  t h r e e  m a c h i n e  f l u x e s .  I d e a l l y  w e  c o u l d  m e a s u r e  t h e  s t a t o r  (tp^) o r  
a i r  g a p  (\p ) f l u x  l i n k a g e  b y  a p p r o p r i a t e  p l a c e m e n t  o f  s e n s o r s  ( H a l l—AG
e f f e c t  d e v i c e s  o r  s e a r c h  c o i l s )  o n  t h e  s t a t o r ,  b u t  t h e  r o t o r  f l u x  
l i n k a g e  (y!r ) w o u l d  s t i l l  p o s e  a  p r o b l e m ,  d u e  t o  t h e  n e e d  t o  t r a n s m i t—R
t h e  i n f o r m a t i o n  f r o m  t h e  s e n s o r s  m o u n t e d  o n  t h e  r o t a t i n g  r o t o r  t o  t h e  
s t a t i o n a r y  s t a t o r .  H o w e v e r  m e a s u r e m e n t  o f  f l u x  l e a d s  t o  a n  i m p r a c t i c a l  
s c h e m e  s i n c e  e x p e n s i v e  n o n - s t a n d a r d  m a c h i n e s  w o u l d  b e c o m e  n e c e s s a r y ,  
w h i c h  d e f e a t s  t h e  o b j e c t i v e  o f  u s i n g  c h e a p  c a g e  i n d u c t i o n  m a c h i n e s .
T h i s  l e a d s  t o  t h e  f i n a l  c h o i c e ,  t h e  m a t h e m a t i c a l / c o m p u t a t i o n a l  r e a l  
t i m e  e s t i m a t i o n  o f  f l u x / f l u x  l i n k a g e .  A s  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  
5 , t h e  e s t i m a t i o n  o f  r o t o r  f l u x  l i n k a g e  (tf/R) i n  c o m p a r i s o n  t o  a i r  g a p  
(ip ) o r  s t a t o r  (\p ) f l u x  l i n k a g e  i s  s i m p l e ,  a n d  s o  t h i s  i s  u s e d  i n
— AG —S
p r a c t i c e  f o r  t o r q u e  c o n t r o l .
T h u s  f o r  o u r  t r a n s i e n t  a n a l y s i s  w e  s h a l l  u s e  t h e  t o r q u e  e x p r e s s i o n  
i n v o l v i n g  t h e  s t a t o r  c u r r e n t  ( i g ) space  v e c to r  a n d  t h e  r o t o r  f l u x  
l i n k a g e  (\p ) space  v e c to r ,  d e r i v e d  i n  C h a p t e r  2 , s e c t i o n  2 . 4 .1. p
( e q u a t i o n  2 . 3 5 ) .
3 .2  S t a t e  S p a c e  A n a l y s i s
We w i l l  u s e  s t a t e  s p a c e  a n a l y s i s  i n  s u b s e q u e n t  s e c t i o n s  t o  d e t e r m i n e
t h e  t i m e  r e s p o n s e  o f  t h e  t o r q u e  f o r  t h e  v o l t a g e  f e d  m a c h i n e ,  u s i n g  t h e
t i m e  r e s p o n s e  o f  t h e  m a c h i n e s ’ s t a t e s .  F i r s t  l e t  u s  r e v i e w  t h e  
a n a l y s i s .
L e o n h a r d ’ s  v o l t a g e  m a c h i n e  e q u a t i o n s  m u s t  f i r s t  b e  b r o u g h t  t o  t h e  
s t a n d a r d  s t a t e  space  f o r m  o f  e q u a t i o n s  3 .1  a n d  3 . 2 : -
X = [ A ] X  + [ B ] U  ( 3 . 1 )
Y = [ C ] X  ( 3 . 2 )
w h e r e  X i s  t h e  s t a t e  v a r i a b l e  v e c to r ,  U t h e  i n p u t  v e c to r ,  Y t h e  o u t p u t
37
vector  and A, B and C are  m atrices.
S t a n d a r d  s t a t e  space  a n a l y s i s  r e v e a l s  t h e  s t a t e  t i m e  r e s p o n s e  t o  b e : -
X ( t )  *  L "1 ( s  [ I ] -  [ A ] ) " 1 X ( 0 ) + L -1 { ( s [ I ]  -  [ A ] ) " 1 [ B ]  } U ( s )  ( 3 . 3 )
w h e r e  L -1 r e p r e s e n t s  t h e  i n v e r s e  L a p l a c e  t r a n s f o r m ,  a n d  X ( 0 ) t h e  s t a t e  
v e c to r  a t  t i m e  t  = 0 . S i n c e : -
r r t l  _  r A i !-1 -  A d j o i n t ( s [ I ]  -  [ A ] )  _  A d j ( s [ I ]  -  [ A ] )
s  D e t e r m i n a n t ( s [ I ] -  [ A ] )  D e t ( s [ I ]  -  [ A ] )
e q u a t i o n  3 .3  c a n  b e  r e w r i t t e n  a s  e q u a t i o n  3 . 5 : -  
X ( t )  = L '
( 3 . 4 )
i A d j ( s [ I ] -  [ A ] )
X ( 0 ) + L"1 A d j ( s [ I ] -  [ A ] )
D e t ( s [ I ] -  [ A ] )  _ D e t ( s [ I ] -  [ A ] )  J [ B ] U ( s )
H e r e  t h e  e q u a t i o n  D e t ( s [ I ] - [ A ] ) i s  k n o w n  a s  t h e  c h a r a c t e r i s t i c
e q u a t i o n  o f  t h e  s y s t e m ,  a n d  i t s  r o o t s  a r e  k n o w n  a s  t h e  e i g e n - v a l u e s  o f  
t h e  ‘ A ’ m a t r i x .  I t  i s  t h e s e  e i g e n - v a l u e s  o n  t h e  ‘ s ’ p l a n e  w h i c h  
d e t e r m i n e  t h e  o v e r a l l  t i m e  r e s p o n s e s  o f  t h e  s y s t e m ,  a s  t h e y  r e p r e s e n t  
t h e  p o l e s  p r e s e n t  i n  a n y  o p e n  o r  c l o s e d  l o o p  d e r i v e d  t r a n s f e r  f u n c t i o n  
( w h i c h  a s s u m e s  t h e  ‘ A ’ a n d  ‘ B ’ m a t r i x  c o e f f i c i e n t s  t o  b e  c o n s t a n t ) .
T h i s  h o w e v e r  d o e s  n o t  p r e d i c t  t h a t  e v e r y  r e s p o n s e  d u e  t o  e a c h
e i g e n - v a l u e  ( p o l e )  w i l l  b e  p r e s e n t  i n  t h e  f i n a l  c o n t r o l l e r  t i m e
r e s p o n s e ,  s i n c e  p o l e - z e r o  c a n c e l l a t i o n  m a y  t a k e  p l a c e .
I t  c a n  a l s o  b e  s h o w n  b y  t h e  s i m p l e  s o l u t i o n  o f  e q u a t i o n  3 . 1 t h a t  t h e  
s t a t e  t i m e  r e s p o n s e  c a n  b e  d e r i v e d  f r o m : -
rt
r a 1 t  _ - r  \
( 3 . 6 )X ( t )  = e [A l t  X ( 0 ) + CAI ( t - T )  r_ l n , . e  [ B ] U ( T j d T
H e r e  t h e  f i r s t  t e r m  r e p r e s e n t s  t h e  t r a n s i e n t  ( u n f o r c e d )  r e s p o n s e ,  a n d  
t h e  s e c o n d  t e r m  t h e  f o r c e d  r e s p o n s e .  U s i n g  t h e  p a c k a g e  PC  MATLAB ( s e e  
C h a p t e r  2 , s e c t i o n  2 . 6 ) t h e  t i m e  r e s p o n s e  o f  t h e  s t a t e s  c a n  e a s i l y  b e  
d e t e r m i n e d .
3 .3  T h e o r e t i c a l  A n a l y s i s  O f  T h e  C u r r e n t  F e d  M a c h i n e
T h i s  s e c t i o n  a s s u m e s  t h e  i n d u c t i o n  m a c h i n e  t o  b e  f e d  b y  i m p r e s s e d  
s t a t o r  c u r r e n t s ,  w h i c h  s i m p l i f i e s  t h e  f u l l  i n d u c t i o n  m a c h i n e  m o d e l  a s
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t h e  s t a t o r  d i f f e r e n t i a l  e q u a t i o n ’ s  d y n a m i c s  ( C h a p t e r  2 , e q u a t i o n  2 . 3 ) 
a r e  n o w  p a r t  o f  t h e  i m p r e s s i n g  c u r r e n t  c o n t r o l  s c h e m e .
To a n a l y s e  t h e  t o r q u e  r e s p o n s e  w e  h a v e  c h o s e n  t h e  e x p r e s s i o n  f o r  
t o r q u e  i n v o l v i n g  t h e  s t a t o r  c u r r e n t  space  v e c to r  (_i ) a n d  r o t o r  f l u x  
l i n k a g e  space  v e c to r  ( if) ) ( C h a p t e r  2 , e q u a t i o n  2 . 3 5 ) .  T h i s  m e t h o d  w i l l—R
e n a b l e  t h e  m o s t  s i m p l e  m a t h e m a t i c a l  a p p r o a c h  t o  b e  u s e d ,  b u t  a n y  o f  
t h e  t o r q u e  e x p r e s s i o n s  d e r i v e d  i n  C h a p t e r  2 c o u l d  b e  u s e d  a s  a  
s t a r t i n g  p o i n t  w i t h  s u i t a b l e  a n a l y s i s .  A s  w e  a r e  i m p r e s s i n g  a n d  
t h e r e f o r e  c o n t r o l l i n g  t h e  s t a t o r  c u r r e n t  space  v e c to r  U s ) »  i t  Xs t h e  
d y n a m i c  r e s p o n s e  o f  t h e  r o t o r  f l u x  l i n k a g e  sp a ce  v e c to r  (0  ) t o  t h e—R
i m p r e s s e d  s t a t o r  c u r r e n t  space  v e c to r  ( f r j  w h i c h  w i l l  g o v e r n  t h e  
t o r q u e  r e s p o n s e .
T o  a i d  o u r  u n d e r s t a n d i n g ,  b e c a u s e  (_i ) t h e  i m p r e s s e d  c u r r e n t  i s  i n
s t a t o r  c o o r d i n a t e s ,  w e  s h a l l  c h o o s e  t o  w o r k  i n  t h e  s t a t i o n a r y  s t a t o r
r e f e r e n c e  f r a m e .  L e o n h a r d ’ s  r o t o r  d i f f e r e n t i a l  e q u a t i o n  ( C h a p t e r  2 ,
e q u a t i o n  2 . 4 ) w h e n  c o n v e r t e d  t o  t h e  s t a t o r  r e f e r e n c e  f r a m e  b y  t h e
+v e c to r  r o t a t i o n  o f  e  , g i v e s : -
R  i  e J e  + L  e J e  |  ( i  ) + L e j e  |  ( i  e ' j G ) = 0 ( 3 . 7 )
r —r  r  d t  —r  o  d t  —s
N o t i n g  t h a t : -
a t tE) = “R (3-8)
a n d :  -
e JG l ( i  e ‘ J e ) = 4 . ( 1  ) -  i  ( 3 . 9 )
d t  - s  d t  — s  r - s
a n d :  -
e JC  1  ( i  ) = i .  ( i  e j e ) -  j u  i  e JC  ( 3 . 10 )d t  —R d t  —R R—R
g i v e s  e q u a t i o n  3 . 7  a s :  -
R  i  e JC +L 3\ ( i  e J E ) - >  L  i  e j e +L ^  ( i  ) - j w  L  i  =0 ( 3 . 11 )
R - R  R  d t  - R  R  R - R  0  d t  - S  R  O - S
E q u a t i o n  3 .11  i s  L e o n h a r d ’ s  r o t o r  d i f f e r e n t i a l  e q u a t i o n  i n  s t a t i o n a r y
s t a t o r  c o o r d i n a t e s ,  r e l a t i n g  t h e  r o t o r  c u r r e n t  sp a ce  v e c to r  i n  s t a t o r  
j  £
c o o r d i n a t e s  ( i  e  )  t o  t h e  i n s t a n t a n e o u s  r o t o r  s p e e d  ( w  )  a n d  t h e  
—R R
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I n  o r d e r  t o  a n a l y s e  m a t h e m a t i c a l l y  t h e  t o r q u e  p e r f o r m a n c e ,  w e  m u s t  
m a n i p u l a t e  e q u a t i o n  3 .1 1  i n  t e r m s  o f  t h e  s t a t o r  c u r r e n t  a n d  r o t o r  f l u x  
space  v e c to r s .
F r o m  C h a p t e r  2 , s e c t i o n  2 . 2 .4  w e  h a v e  d e f i n e d  t h e  r o t o r  f l u x  l i n k a g e  
space  v e c to r  i n  s t a t i o n a r y  c o o r d i n a t e s  t o  b e : -
0  = L i  ( 3 . 12 )
- R  O-MR
w h e r e  i  i s  a n  a n a l o g o u s  m a g n e t i s i n g  c u r r e n t  space  v e c to r  d e f i n e d  i n
—MR
s t a t o r  c o o r d i n a t e s ,  s h o w n  t o  b e : -
1 = i  + ( l+<r ) i  e j e  ( 3 . 13 )
—MR —S R - R
U s i n g  e q u a t i o n s  3 . 11 a n d  3 . 12 w e  o b t a i n  t h e  d i f f e r e n t i a l  e q u a t i o n
r e l a t i n g  t h e  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  sp a ce  v e c to r  ( i  ) ( o r“HR
r o t o r  f l u x  l i n k a g e  space  v e c to r  xp ) t o  t h e  i m p r e s s e d  s t a t o r  c u r r e n t
R
sp a ce  v e c to r  ( i g ) i n  s t a t o r  c o o r d i n a t e s .  I n s e r t i n g  e q u a t i o n  3 . 13 i n t o  
e q u a t i o n  3 .11  g i v e s  e q u a t i o n  3 . 14 : -
R ,
R ( i  - ! ) • + +  T ,  ( i  - i J - j L  w ( i  - i J + L ^  ( i  ) - j L  u  i  =0 ( 3 . 14 )
impressed s t a t o r  cu rren t space vector  ( i / -
( 1+<T ) —MR - S  O d t  -M R  —S J 0  R -M R  - S  O d t  - S  0 R - S  
R
R e - g r o u p i n g ,  a n d  w i t h  t h e  r o t o r  t i m e  c o n s t a n t  (T  ) a s  d e f i n e d  i n  t h e  
n o m e n c l a t u r e  a t  t h e  s t a r t  o f  t h i s  d i s s e r t a t i o n ,  g i v e s : -
T f t i i  ) + (1 -  > ,  T ) i  = i  ( 3 . 15 )
R d t  —MR R R —MR —S
T h i s  d i f f e r e n t i a l  e q u a t i o n  r e l a t e s  t h e  i m p r e s s e d  s t a t o r  c u r r e n t  s p a c e
v e c to r  ( i  ) t o  t h e  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t  space  v e c to r  —s
( i  ) a n d  t h e r e f o r e  t o  t h e  r o t o r  f l u x  l i n k a g e  sp a ce  v e c to r  (0 ) ,  a l l  
—MR R
i n  s t a t i o n a r y  s t a t o r  c o o r d i n a t e s .
T h e  c o m p l e t e  r o t o r  f l u x  l i n k a g e  sp a ce  v e c to r  ( 0 r ) r e s p o n s e  c o n s i s t s  o f  
t h e  n a t u r a l  ( u n f o r c e d )  a n d  t h e  f o r c e d  r e s p o n s e s  (KAWAMURA 1983 , 
KRISHNAN 1980 a n d  STEFANOVIC 1976 ) .
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3. 3.1 n a tu ra l  response
T h e  n a t u r a l ,  o r  u n f o r c e d  r e s p o n s e  o f  t h e  s y s t e m  i s  o b t a i n e d  b y  s e t t i n g  
t h e  s t a t o r  c u r r e n t  t o  z e r o ,  t h u s : -
W h e r e  Q i s  a  v e c to r  c o n s t a n t ,  d e f i n e d  l a t e r  i n  s e c t i o n  3 . 3 . 3 , a n d  i s  
d e p e n d e n t  o n  t h e  i n i t i a l  c o n d i t i o n s .
T h i s  c a n  b e  p i c t u r e d  i n  s t a t o r  c o o r d i n a t e s  a s  a  space  v e c to r  r o t a t i n g  
a t  t h e  r o t o r  f r e q u e n c y  (w  ) ,  w h o s e  i n i t i a l  m a g n i t u d e  d e p e n d s  o n  t h e  
i n i t i a l  c o n d i t i o n s ,  a n d  w h o s e  s u b s e q u e n t  m a g n i t u d e  i s  d e c a y i n g  w i t h  
t h e  r o t o r  t i m e  c o n s t a n t  ( T r ) .  T h i s  c a n  b e  v i s u a l i s e d  a s  t h e  p o i n t  o f  
t h e  space  v e c to r  s p i r a l l i n g  i n t o  t h e  o r i g i n  a s  s h o w n  i n  F i g u r e  3 . 1 .
FIG 3.1 i MR NATURAL R ESPO N SE (STATOR C O O R D IN A TES)
T 4 . ( i  )  + (1 -  > T  ) i  = 0 
R  d t  — MR R  R  - M R
( 3 . 16 )
T h e  s o l u t i o n  i s  o f  t h e  f o r m
—M RNAT
( 3 . 17 )
( S T A T O R  C O O R D I N A T E S )
( S T A T O R  C O O R D I N A T E S )
0
e MRNAT
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3 .3 .2  forced response
T h i s  i s  t h e  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t  sp a ce  v e c to r  ( i  )
—MR
r e s p o n s e  t o  t h e  s t a t o r  c u r r e n t  sp a ce  v e c to r  ( i g ) e x c i t i n g  f u n c t i o n :  -  
T £ . ( i  ) + (1 -  J w T  ) i  = i  ( 3 . 18 )
R d t  -M R  R R -M R  - S
W r i t i n g  t h e  s t a t o r  c u r r e n t  space  v e c to r  ( i ^ )  i n  t e r m s  o f  m a g n i t u d e  a n d  
p h a s e ,  g i v e s : -
i  e j X ( t )  ( 3 . 19 )
s
w h e r e : -
~ . ( A )  = w ( 3 . 2 0 )
d t  s
A s s u m i n g  t h e  f o r c e d  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t  space
v e c to r  r e s p o n s e  ( i  ) t o  r o t a t e  w i t h  t h e  s a m e  f r e q u e n c y  i n  s t e a d y  
—MRFOR
s t a t e  a s  t h e  s t a t o r  c u r r e n t  space  v e c to r  ( 1 ) ,  ( b u t  w i t h  a  p h a s e  l a g )  
w e  c a n  w r i t e :  -
j 0 ( t )  (ri \
l  = i  e  ( 3 . 2 1 )
—MRFOR MRFOR
w h e r e : -
( 0 ) = 0) ( 3 . 2 2 )
d t  s
a n d :  -
( i  e J 0 ) = e j0  £  ( i  ) + J «  i  e J0 ( 3 . 2 3 )
d t  MRFOR d t  MRFOR S MRFOR
S u b s t i t u t i n g  i n t o  e q u a t i o n  3 . 1 8  g i v e s  e q u a t i o n  3 . 2 4 : -
e j 0 T ( i  ) + j w  i  e j 0 T + i  e j 0 - j w  T i  e -}0= i  e d ^
R d t  MRFOR °  S  MRFOR R MRFOR R R MRFOR S
o r :  -
e J 0 T ^ . ( i  ) + i  + J ( » - « ) T i  = i  ( 3 . 2 5 )
R d t  MRFOR —MRFOR S R R-M RFOR - S
C o n s i d e r i n g  t h a t  i n  a  s m a l l  i n t e r v a l  o f  t i m e  t h e  c h a n g e  i n  f l u x
l i n k a g e  m a g n i t u d e  ( a n d  t h e r e f o r e  m a g n e t i s i n g  c u r r e n t )  i s  s m a l l ,  s i n c e
t h e  r o t o r  t i m e  c o n s t a n t  ( T  ) i s  l a r g e ,  a n d  a l s o  t h a t  m o s t  c o n t r o lR
s c h e m e s  t e n d  t o  a t t e m p t  t o  m a i n t a i n  t h e  f l u x  ( o r  f l u x  l i n k a g e )
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m a g n i t u d e  c o n s t a n t  b e l o w  b a s e  s p e e d ,  a l l o w s  u s  t o  m a k e  t h e  
s i m p l i f i c a t i o n : -
( i  ) = 0 ( 3 . 2 6 )
d t  MRFOR
W i t h  t h e  i n s t a n t a n e o u s  s l i p  f r e q u e n c y  ( ^ s l ) d e f i n e d  a s : -
w = w -  w ( 3 . 2 7 )
s l  s  R
t h i s  g i v e s  u s  i n  s t a t o r  c o o r d i n a t e s : -
i  + jet) T i  = i  ( 3 . 2 8 )
-M RFOR u  SL  R-M RFOR - S
o r :  -
1 = i  T ( 3 . 2 9 )
-M RFOR - S  1 + J Ws l T r
T h e  m a g n i t u d e  o f  t h e  f o r c e d  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t  
sp a ce  v e c to r  ( i  ) i s  g i v e n  b y : -
MRFOR
' i s 1i  =--------- 2--------- ( 3 . 3 0 )
MRFOR
/ l+ct)2 T2S L  R
w i t h  a  p h a s e  l a g  ( t o r q u e  a n g l e )  b e h i n d  t h e  s t a t o r  c u r r e n t  space  v e c to r  
( i s ) o f  6 g i v e n  b y :  -
t a n ( 6 ) = w T ( 3 . 3 1 )
s l  R
U n d e r  m o t o r i n g  c o n d i t i o n s  t h e  d e r i v e d  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  
c u r r e n t  space  v e c to r  c a n  b e  p i c t u r e d  ( F i g u r e  3 . 2 ) a s  r o t a t i n g  w i t h  t h e  
s a m e  a n g u l a r  f r e q u e n c y  a s  t h e  s t a t o r  c u r r e n t  sp a ce  v e c to r  ( i ^ ) , b u t  
w i t h  a  p h a s e  l a g  ( t o r q u e  a n g l e  8 ) a n d  w i t h  a  s m a l l e r  m a g n i t u d e .  U n d e r  
g e n e r a t i n g  c o n d i t i o n s ,  t h e  f o r c e d  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  
c u r r e n t  sp a ce  v e c to r  ( i  ) c a n  b e  o f  a  l a r g e r  m a g n i t u d e ,  a n d  w i l l
—MRFOR
l e a d  t h e  s t a t o r  c u r r e n t  sp a ce  v e c to r  ( 3. s ) a s  p r e d i c t e d  f r o m  t h e  
e q u a t i o n s .
3 . 3 .3  c o m p l e t e  r e s p o n s e
T h e  c o m p l e t e  r o t o r  f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t  sp a ce  v e c to r  ( i  )
MR
a n d  t h e r e f o r e  t h e  r o t o r  f l u x  l i n k a g e  space  v e c to r  ( 0 r ) r e s p o n s e  i s  
g i v e n  b y  t h e  s u m  o f  t h e  f o r c e d  a n d  n a t u r a l  r e s p o n s e  o r : -
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FIG 3 .2  i MR FO RCED R ESPO N SE (STATOR C O O R D IN A TES)
( S T A T O R  C O O R D I N A T E S )
( S T A T O R  C O O R D I N A T E S )
0
i  ( t )  = i  ( t )  + i  ( t )  ( 3 . 3 2 )
-M R  —MRNAT -M RFOR
- t / T  j to  t
1 = Q e  R e  R + i  _  ( 3 . 3 3 )
-M R  -  - S  1+JW T
S L  R
w h e r e  Q d e p e n d s  o n  t h e  i n i t i a l  c o n d i t i o n s : -
2  = i s ^ 0 - 5 !+> Tt=o-T r  -  i s ( t = 0 °  i + j t j  ct=0H-)T^  ( 3 - 3 4 )
SL  R SL R
U s i n g  C h a p t e r  2 , e q u a t i o n  2 . 3 5 , t h e  t o r q u e  r e s p o n s e  i s  g o v e r n e d  b y  t h e
r o t o r  f l u x  l i n k a g e  sp a ce  v e c to r  (0  ) ( o r  r o t o r  f l u x  l i n k a g e—R
m a g n e t i s i n g  c u r r e n t  space  v e c to r  i  ) ( e q u a t i o n  3 . 3 5 ) ,  s i n c e  w e  a r e
—M R
c o n t r o l l i n g  t h e  i m p r e s s e d  s t a t o r  c u r r e n t  space  v e c to r  ( i_  ) :  “
Mr  -  |  t A -  ( i  x  i/i)  ( 3 . 3 5 )
e 3 (l+<r ) — s — r
R
44
(3.36)
\
( 3 . 3 7 )
T h e  f o r c e d  t o r q u e  r e s p o n s e  i s  i m m e d i a t e  a n d  c o n t r o l l e d ,  b u t  t h e
n a t u r a l  r e s p o n s e  c o n s i s t s  o f  a n  o s c i l l a t i o n  a t  t h e  i n s t a n t a n e o u s  s l i p
f r e q u e n c y  (w  ) ,  w h i c h  d e c a y s  w i t h  t h e  r o t o r  t i m e  c o n s t a n t  (T  ) .
S L  R
W i t h  r e f e r e n c e  t o  t h e  s t a t i o n a r y  s t a t o r  r e f e r e n c e  f r a m e  t h e r e  i s  a  
p a i r  o f  e i g e n - v a l u e s  l o c a t e d  a t : -
w h i c h  d e t e r m i n e s  t h e  t r a n s i e n t  r e s p o n s e  ( s e c t i o n  3 . 2 ) .
H o w e v e r ,  t h i s  d e f i n e s  t h e  f l u x  space vector t r a n s i e n t  r e s p o n s e  i n  
s t a t i o n a r y  s t a t o r  c o o r d i n a t e s .  T o r q u e  i s  t h e  vector cross product o f  
t h e  f l u x  a n d  c u r r e n t  space vectors, a n d  t h e  c u r r e n t  space vector i s  
r o t a t i n g  a t  t h e  i m p r e s s e d  s y n c h r o n o u s  f r e q u e n c y  i n  s t a t i o n a r y  s t a t o r  
c o o r d i n a t e s .  A s  w e  h a v e  o b s e r v e d  ( s e c t i o n  3 . 3 . 3 ) t h e  p h y s i c a l  t o r q u e  
t r a n s i e n t  i s  c a l c u l a t e d  f r o m  t h e  f l u x  space vector r e s p o n s e  w i t h  
r e s p e c t  t o  t h e  s y n c h r o n o u s l y  r o t a t i n g  c u r r e n t  space vector. H e n c e  t h e  
e i g e n - v a l u e s  c a l c u l a t e d  i n  t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e  d e t e r m i n e  
t h e  e x a c t  f o r m  o f  t h e  p h y s i c a l  t o r q u e  t i m e  t r a n s i e n t .  I n  t h i s  
r e f e r e n c e  f r a m e  t h e  e i g e n - v a l u e s  b e c o m e : -
T o r q u e  a n d  f l u x  r e s p o n s e s  o b t a i n e d  b y  s i m u l a t i o n  w i l l  b e  r e p o r t e d  i n  
C h a p t e r  4 .
3 . 3 .4  l o c a t i o n  o f  e i g e n - v a l u e s
( 3 . 3 8 )
( 3 . 3 9 )
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T h e  i m p r e s s e d  s t a t o r  v o l t a g e  f e d  m a c h i n e  i s  a  m o r e  c o m p l e x  s y s t e m  t h a n  
t h e  i m p r e s s e d  c u r r e n t  f e d  m a c h i n e ;  t h e  s t a t o r  d i f f e r e n t i a l  e q u a t i o n  
( C h a p t e r  2 , e q u a t i o n  2 . 3 ) m u s t  n o w  b e  i n c l u d e d ,  f o r  t h i s  e x p r e s s e s  t h e  
i n t e r a c t i o n  t h r o u g h  w h i c h  t h e  s t a t o r  v o l t a g e  space  v e c to r  (V  ) d r i v e s  
t h e  s t a t o r  c u r r e n t  space  v e c to r  (_i ) i n t o  t h e  m a c h i n e  t e r m i n a l s .
F r o m  L e o n h a r d ’ s  i n d u c t i o n  m a c h i n e  m o d e l  w e  c a n  s e e  t h a t  t h e  v o l t a g e  
m o d e l  i s  o f  s e c o n d  o r d e r ,  a n d  w e  c a n n o t  t h e r e f o r e  f i n d  a  s i m p l e
m a t h e m a t i c a l  s o l u t i o n  f o r  t h e  t o r q u e  a s  w a s  d e r i v e d  f o r  t h e  c u r r e n t  
i m p r e s s e d  m a c h i n e .
T o  s i m p l i f y  t h e  m a t h e m a t i c a l  a n a l y s i s  w e  w i l l  u s e  a s  o u r  s t a r t i n g  
p o i n t  t h e  s y n c h r o n o u s l y  r o t a t i n g  s t a t o r  v o l t a g e  v e c to r  r e f e r e n c e  f r a m e  
m o d e l  o f  t h e  i n d u c t i o n  m a c h i n e  a s  d e r i v e d  i n  C h a p t e r  2 , s e c t i o n  2 . 3 .2  
( e q u a t i o n s  2. 16  a n d  2 . 17 ) .  T h e s e  e q u a t i o n s  c a n  b e  r e a l i s e d  i n  t h e  
s t a n d a r d  s t a t e  sp a ce  f o r m  ( e q u a t i o n  3 . 1 ) ,  w h e r e  0 , 0 , 0  a n d  0
SD SQ RD RQ
r e p r e s e n t  t h e  s t a t e  v a r i a b l e s  ( d i r e c t  a n d  q u a d r a t u r e  c o m p o n e n t s  o f  t h e
s t a t o r  0g a n d  r o t o r  0r  f l u x  l i n k a g e  space  v e c to r  r e s p e c t i v e l y  r e s o l v e d
i n t o  t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e ) ,  a n d  a r e  r e p r e s e n t e d  b y  X.
S i m i l a r l y  U r e p r e s e n t s  t h e  v o l t a g e  v e c to r  i n p u t .
I t  i s  c l e a r  t h a t  t h e  t o r q u e  e x p r e s s i o n  ( C h a p t e r  2 , e q u a t i o n  2 . 17 )
c a n n o t  b e  r e p r e s e n t e d  i n  t h e  f o r m  o f  e q u a t i o n  3 . 2 , s i n c e  i t  i s  a
n o n - l i n e a r  f u n c t i o n  o f  t h e  s t a t e  v a r i a b l e s .  H o w e v e r  w e  c a n  d e t e r m i n e  
t h e  e x a c t  t o r q u e  r e s p o n s e  f r o m  t h e  m a c h i n e  f l u x  l i n k a g e  ( s t a t e )  
t r a n s i e n t  t i m e  r e s p o n s e s .  H e n c e  i n  o u r  s t a t e  s p a c e  a n a l y s i s ,  i t  i s  t h e  
f l u x  l i n k a g e  ( s t a t e )  t i m e  r e s p o n s e s  w h i c h  w e  w i s h  t o  d e t e r m i n e .  T h e  
*A’ m a t r i x  c o e f f i c i e n t s  w i l l  b e  t h o s e  a t  t h e  f i n a l  s t e a d y  s t a t e
o p e r a t i n g  p o i n t  ( s u p p l y  a n d  s l i p  f r e q u e n c y ) .
I n  t h i s  a n a l y s i s  i t  i s  a s s u m e d  t h a t  t h e  m a c h i n e  s h a f t  s p e e d  ( s l i p )
r e m a i n s  c o n s t a n t  o v e r  t h e  t r a n s i e n t  p e r i o d  ( l a r g e  i n e r t i a ) ,  o t h e r w i s e
t h e  ‘ A ’ m a t r i x  c o e f f i c i e n t s  w i l l  b e  t i m e  v a r y i n g ,  i n v a l i d a t i n g  t h e
r e s u l t s .  T h i s  a p p r o x i m a t i o n  w i l l  d e p e n d  o n  t h e  m a c h i n e  i n e r t i a  a n d
t r a n s i e n t  t i m e  s c a l e .  T o  o v e r c o m e  t h i s  l i m i t a t i o n ,  i t  i s  p o s s i b l e  t o
m a k e  t h e  s h a f t  s p e e d  ( w  )  a n  a d d i t i o n a l  s t a t e ,  b y  l i n e a r i s i n g  t h e
R
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m a c h i n e  e q u a t i o n s  a b o u t  a n  o p e r a t i n g  p o i n t .  H o w e v e r ,  f o r  s i m p l i c i t y  
t h i s  h a s  n o t  b e e n  i n c l u d e d  i n  t h i s  d e s c r i p t i o n ,  b u t  i t  i s  w e l l  
d o c u m e n t e d  i n  t h e  l i t e r a t u r e  (BO SE  1986 , ROGERS 1965 ) .  A l t e r n a t i v e l y  
s i m u l a t i o n  t e c h n i q u e s  c a n  b e  u t i l i s e d  t o  s o l v e  n u m e r i c a l l y  t h e  m a c h i n e  
a n d  l o a d  d i f f e r e n t i a l  e q u a t i o n s  i n  t i m e  ( C h a p t e r  4 ) .
N o t e  t h a t  e x a c t l y  t h e  s a m e  e i g e n - v a l u e s  a n d  t o r q u e  r e s p o n s e  w o u l d  b e  
o b t a i n e d  i f  w e  h a d  u s e d  t h e  m o d e l  b a s e d  o n  m a c h i n e  c u r r e n t s ,  g i v e n  i n  
C h a p t e r  2 , s e c t i o n  2 . 3 .3  ( e q u a t i o n s  2 .1 8  a n d  2 . 19 ) .
T h e  ‘ A* a n d  ‘ B ’ m a t r i c e s  o b t a i n e d  b y  r e l a t i n g  C h a p t e r  2 , e q u a t i o n  2 .1 6  
t o  e q u a t i o n  3 . 1 a r e  i n  a g r e e m e n t  w i t h  t h o s e  o b t a i n e d  b y  g e n e r a l i s e d  
m a c h i n e  t h e o r y  (BO SE 1986 , F A L L S ID E  1969 , ROGERS 1965 ) f o r  t h e  m o d e l  
i n  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e .  T h i s  i s  n o t  s u r p r i s i n g ,  
a n d  m e r e l y  s e r v e s  a s  a  c h e c k  o n  t h e  a l g e b r a .
3 . 4 . 1 l o c a t i o n  o f  e i g e n - v a l u e s
B y  a n a l y s i n g  t h e  ‘ A* m a t r i x  ( C h a p t e r  2 , e q u a t i o n  2 . 1 6 ) ,  i t  s h o u l d  b e  
n o t e d  t h a t  t h e r e  a r e  t w o  p a i r s  o f  e i g e n - v a l u e s  (E  ± j F ,  G ± j H  h e r e  i n  
t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e ) ,  p r o v i d i n g  t w o  s y s t e m  t i m e  c o n s t a n t s  
w i t h  d a m p e d  o s c i l l a t i o n s  (ERSAK 1983 ) .  W o r k i n g  i n  t h e  s y n c h r o n o u s  
r e f e r e n c e  f r a m e  a l l o w s  u s  t o  c a l c u l a t e  t h e  e x a c t  p h y s i c a l  t o r q u e  
t r a n s i e n t  r e s p o n s e ,  a s  d e s c r i b e d  i n  s e c t i o n  3 . 3 . 4 . H o w e v e r  t h e  
e i g e n - v a l u e s  v a r y  w i l d l y  w i t h  o p e r a t i n g  p o i n t  ( s u p p l y  v o l t a g e  Vs> 
f r e q u e n c y  o>s  a n d  s l i p  f r e q u e n c y  wg L ) i  a n d  a r e  v e r y  m a c h i n e  d e p e n d e n t  
( L I P O  1973 , M IL E S  1979 , STEFANOVIC 1975 , STERN 1978 ) .
T h e  e i g e n - v a l u e s  o f  t h e  ‘ A ’ m a t r i x  a r e  t h e  r o o t s  o f : -
D e t ( s [ I 1 -  [ A ] )  ( 3 . 4 0 )
C a l c u l a t i o n  i s  a  t e d i o u s  j o b  b e s t  l e f t  t o  a  c o m p u t e r  p r o g r a m ,  s u c h  a s  
PC  MATLAB a s  d e t a i l e d  i n  C h a p t e r  2 , s e c t i o n  2 . 6 .
F o r  t h e  GEC 7 .5  kW i n d u c t i o n  m a c h i n e  c h o s e n  f o r  t h e  s i m u l a t i o n  w o r k
( A p p e n d i x  F ) ,  t h e  e i g e n - v a l u e s  i n  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e
f r a m e  w e r e  c a l c u l a t e d ,  f o r  c o n s t a n t  s l i p  f r e q u e n c y  (w  ) ,  a s  t h e
SL
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FIGURE 3 .3  S y n c h r o n o u s  r e f e r e n c e  f r a m e  e i g e n - v a l u e s  f o r  r a t e d  s l i p
V 0 
s  s
E i g e n - v a l u e s
V 0 
so  so E ± JF G ± JH
1 .0 - 56 .5 5  ± j 3 0 6 .33 - 45 .4 3  ± j l 9 . 14
0 .8 - 5 6 .7 4  ± J 241 .29 - 4 5 .24  ± J 21 .3 5
0 .6 - 5 7 .26  ± j l 7 4 .37 - 4 4 .72  ± j 2 5 .43
0 . 4 - 6 0 .4 4  ± j l 00 .37 - 41 .54  ± j 36 .60
0 . 2 - 92 .09  ± j 0 4 0 .37 - 09 .89  ± j 33 .7 7
F IG  3 . ID  LOCUS OF E IG E N  VALUES FOR RATED S L IP
o p e r a t i n g  p o i n t  ( s u p p l y  v o l t a g e  V , a n d  s u p p l y  f r e q u e n c y  w j  w a s  
s w e p t ,  k e e p i n g  (V s / 0g ) ( v o l t s - p e r - h e r t z  o r  f l u x )  c o n s t a n t .  S e v e r a l  
r u n s  w e r e  m a d e  u s i n g  s l i p  f r e q u e n c i e s  f r o m  z e r o  t o  t w i c e  r a t e d  s l i p .  A 
s a m p l e  r e s u l t  f o r  r a t e d  s l i p  i s  t a b u l a t e d  i n  F i g u r e  3 . 3 , a n d  t h e  
c o r r e s p o n d i n g  p l o t  o f  t h e  t w o  p a i r s  o f  e i g e n - v a l u e s  i n  t h e  
s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e ,  o n  t h e  ‘ s ’ p l a n e  i s  s h o w n  i n
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F i g u r e  3 . 10 , f o r  i n c r e a s i n g  s u p p l y  f r e q u e n c y .  I t  c a n  b e  o b s e r v e d  t h a t  
t h e  t r a n s i e n t  r e s p o n s e s  a r e  d e p e n d e n t  o n  t w o  s e t s  o f  e i g e n - v a l u e s ,  
w h i c h  v a r y  w i l d l y  w i t h  o p e r a t i n g  p o i n t .  I t  i s  t h e  r e s p o n s e  o f  t h e  
l o n g e s t  d e c a y i n g  t i m e  c o n s t a n t  w h i c h  w i l l  p r e d o m i n a t e  i n  t h e  t o r q u e  
t r a n s i e n t  r e s p o n s e ,  a n d  b o t h  r e s p o n s e s  w i l l  b e  o f  a  d a m p e d  o s c i l l a t o r y  
n a t u r e  (STEFANO VIC 1976 ) .  T h e  m o s t  d r a m a t i c  c h a n g e s  o c c u r  a t  l e s s  t h a n  
30 % o f  r a t e d  v o l t a g e  ( V ) a n d  f r e q u e n c y  ( WSQ)-
A n  a t t e m p t  a t  s o l v i n g  t h e  e q u a t i o n s  a l g e b r a i c a l l y  t o  d e t e r m i n e  h o w  
e a c h  e i g e n - v a l u e  c o m p o n e n t  ( r e a l  a n d  i m a g i n a r y )  i s  r e l a t e d  t o  m a c h i n e  
p a r a m e t e r s  a n d  o p e r a t i n g  p o i n t  ( s u p p l y  v o l t a g e  V , s u p p l y  c*>s  a n d  s l i p  
f r e q u e n c i e s )  p r o v e d  c o m p l e x ,  r e s u l t i n g  i n  t h e  s y m b o l i c  s o l u t i o n  o f  
a  l a r g e  n u m b e r  o f  e q u a t i o n s .  T h e  r e s u l t s  o f  u s i n g  MATHEMATICA ( C h a p t e r  
2 , s e c t i o n  2 . 6 ) ,  a  p r o g r a m  f o r  s y m b o l i c  c o m p u t a t i o n  i s  g i v e n  i n  
A p p e n d i x  J ;  u n f o r t u n a t e l y  i t  s e e m s  i m p o s s i b l e  t o  d e r i v e  m u c h  o f  u s e  
f r o m  t h i s .
An a l t e r n a t i v e ,  m o r e  u s e f u l  m e t h o d  a l s o  u s e d  h e r e ,  w a s  t o  d e t e r m i n e
t h e  s e n s i t i v i t y  o f  e a c h  e i g e n - v a l u e  p a r a m e t e r  t o  t h e  m a c h i n e
p a r a m e t e r s  a n d  o p e r a t i n g  p o i n t  ( s u p p l y  v o l t a g e  V , s u p p l y  a n d  s l i p  
f r e q u e n c i e s )  b y  p e r t u r b a t i o n  m e t h o d s .
D e n o t i n g  t h e  l a r g e r  e i g e n - v a l u e  p a i r  b y  (E  ± j F ) ,  a n d  t h e  s m a l l e r  b y  
(G ± j H ) ,  a n d  w i t h  a  c o e f f i c i e n t  o f  + 1 .0  i n d i c a t i n g  p r o p o r t i o n a l i t y ,  
( x  % p e r t u r b a t i o n  o f  v a r i a b l e  g i v i n g  t h e  s a m e  p e r c e n t a g e  v a r i a t i o n  i n  
t h e  e i g e n - v a l u e )  t h e  r e s u l t s  a r e  t a b u l a t e d  i n  F i g u r e  3 . 4 .
T o  s u m m a r i s e  t h e  r e s u l t s  w e  f i n d  E a n d  H t o  h a v e  a  s t r o n g  d e p e n d e n c e
o n  t h e  s t a t o r  r e s i s t a n c e / m a g n e t i s i n g  i n d u c t a n c e  a n d  r o t o r  
r e s i s t a n c e / m a g n e t i s i n g  i n d u c t a n c e  t i m e  c o n s t a n t s .  F  w a s  a p p r o x i m a t e l y  
p r o p o r t i o n a l  t o  t h e  s u p p l y  f r e q u e n c y  ( ^ s ) .
No o t h e r  t r e n d s  c o u l d  b e  i d e n t i f i e d .  T h i s  f a c t  c a n  b e  o b s e r v e d  b y  
c o m p a r i n g  F i g u r e  3 .3  f o r  t h e  GEC m a c h i n e  ( A p p e n d i x  F )  w i t h  C h a p t e r  8 , 
F i g u r e  8 . 10 f o r  t h e  t e s t  r i g  m a c h i n e .  H o w e v e r  a t  l o w  s u p p l y  
f r e q u e n c i e s  t h e  d e c a y  t i m e  c o n s t a n t  o f  o n e  p a i r  o f  e i g e n - v a l u e s  (E  o r  
G) p r e - d o m i n a t e s ,  l e a d i n g  t o  a  s l o w  d y n a m i c  r e s p o n s e .  T h e r e  w i l l  a l s o  
b e  a  t r a n s i e n t  t o r q u e  o s c i l l a t i o n  c l o s e  t o  t h e  s t a t o r  s u p p l y  f r e q u e n c y
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FIGURE 3.4 Eigen-value parameter s e n s i t i v i t y
E i g e n - v a l u e  S e n s i t i v i t y
E i g e n R R O' O' L 0 0 V
P a r a m e t e r s R s R 0 s SL s
E 0 .9 5 0 . 45 0 . 6 - 1.1 - - -
F 6 5 - - - 1 .0 - -
G 5 0 .9 - 0 . 4 - 0 . 6 - 1 .0 6 - -
H V y y y y y y -
K e y
-  = n o  e f f e c t
5 = e f f e c t  o v e r  a  l i m i t e d  r a n g e  
V -  w i l d l y  v a r y i n g  e f f e c t
(w  ) a s  d e t e r m i n e d  b y  t h e  e i g e n - v a l u e  ( F ) .  T h e  f a c t  t h a t  
s
t r e n d s  c a n  b e  i d e n t i f i e d  i s  t o  b e  e x p e c t e d  f r o m  t h e  s y m b o l i c  
o f  A p p e n d i x  J .
S i n c e  t h e  d i m e n s i o n s  o f  t h e  e i g e n - v a l u e s  a r e  1/ t i m e  ( s e c o n d s  J ,  o n e
p e r h a p s  s h o u l d  n o t  b e  s u r p r i s e d  t o  f i n d  d e p e n d e n c e  o n  R / L  t e r m s .  <r ,
tr a r e  d i m e n s i o n l e s s ,  s o  t h e y  c o u l d  a p p e a r  a n y w h e r e  o r  i n  a n y w a y ,  R
w h i c h  i s  i n d i c a t e d !  .
3 . 4 .2  c o m p l e t e  r e s p o n s e
B y  i n s e r t i n g  t h e  f l u x  l i n k a g e  ( s t a t e )  t i m e  r e s p o n s e s  i n t o  e q u a t i o n  
2 .1 7  ( C h a p t e r  2 ) ,  t h e  c o m p l e t e  p h y s i c a l  t o r q u e  r e s p o n s e  c a n  b e  
d e t e r m i n e d .  S i m u l a t e d  t o r q u e  a n d  f l u x  l i n k a g e  r e s p o n s e s  w i l l  b e  
p r e s e n t e d  i n  C h a p t e r  4 .
n o  c l e a r  
s o l u t i o n s
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3 . 5 .1  c u r r e n t  f e d  m a c h i n e s
P h y s i c a l l y  t h e  t r a n s i e n t  r e s p o n s e  r e p r e s e n t s  t h e  b u i l d  u p  o r  d e c a y  o f  
f l u x / c u r r e n t  ( e n e r g y )  i n  t h e  r o t o r  c i r c u i t ,  d u e  t o  a  c h a n g e  i n  t h e  
s t a t o r  c u r r e n t  i n  t h e  s t a t o r  c i r c u i t .
3 . 5 .2  v o l t a g e  f e d  m a c h i n e s
H a v i n g  p r o p o s e d  t h a t  t h e  v o l t a g e  f e d  m a c h i n e  h a s  a  d o u b l e  d a m p e d
o s c i l l a t o r y  t r a n s i e n t  r e s p o n s e ,  c a n  w e  e x p l a i n  t h e  p h y s i c a l  e x i s t e n c e  
o f  t h e  o s c i l l a t i o n s ?  F o r  a n y  o s c i l l a t i o n  t o  t a k e  p l a c e  w e  n e e d  a n  
e x c h a n g e  o f  e n e r g y  b e t w e e n  t w o  d i f f e r e n t  t y p e s  o f  e n e r g y  s t o r e s .  F o r  
e x a m p l e  i n  t h e  ‘ L C ’ c i r c u i t  t h e  e n e r g y  i s  a l t e r n a t e l y  s t o r e d  i n  t h e
m a g n e t i c  f i e l d  o f  t h e  i n d u c t o r  ( L )  a n d  i n  t h e  e l e c t r i c  f i e l d  o f  t h e
c a p a c i t o r  ( C ) .  H o w e v e r ,  t h e  e q u i v a l e n t  c i r c u i t s  o f  t h e  i n d u c t i o n  
m a c h i n e  c o n s i s t  o f  o n l y  i n d u c t i v e  a n d  r e s i s t i v e  e l e m e n t s ,  w i t h  t h e
e n e r g y  s t o r a g e  i n  t h e  m a g n e t i c  f i e l d ,  s o  w h e r e  i s  t h e  e q u i v a l e n t  o f  
c a p a c i t a n c e  f o r  t h e  i n d u c t i o n  m a c h i n e ?
B y  a s s u m i n g  t o r q u e  t o  b e  a n a l o g o u s  t o  c u r r e n t ,  t h e  i n e r t i a  ( J )  o f  t h e  
m a c h i n e  a n d  a n y  l o a d  c o n n e c t e d  b e c o m e s  a n a l o g o u s  t o  c a p a c i t a n c e .  T h i s  
i n i t i a l l y  w a s  t h o u g h t  t o  r e p r e s e n t  t h e  n e c e s s a r y  a l t e r n a t i v e  e n e r g y  
s t o r a g e  c o m p o n e n t .  H o w e v e r  t h e  e i g e n - v a l u e s  c a l c u l a t e d  i n  s e c t i o n s  3 .3  
a n d  3 .4  a s s u m e d  a n  i n f i n i t e  l o a d  i n e r t i a  a n d  s o  n o  c h a n g e  i n  r o t o r  
s p e e d .  S i m i l a r l y  f r o m  s i m u l a t i o n  s t u d i e s ,  i t  w a s  o b s e r v e d  t h a t  b y  
s w e e p i n g  t h e  l o a d  i n e r t i a  f r o m  v e r y  s m a l l  t o  v e r y  l a r g e  v a l u e s  ( b y  a  
f a c t o r  o f  o n e  h u n d r e d ) ,  t h e  t r a n s i e n t  o s c i l l a t i o n  f r e q u e n c i e s  v a r i e d  
i n s i g n i f i c a n t l y  ( a n d  w h e r e  t h e y  d i d  t h i s  w a s  t a k e n  i n t o  a c c o u n t  b y  
r o t o r  s p e e d  c h a n g e ) .  H e n c e  t h e  c o n c l u s i o n  w a s  t h a t  t h e  l o a d  i n e r t i a  
a l o n e  c o u l d  n o t  e x p l a i n  t h e  p h y s i c a l  r e s p o n s e  (CH IN  1985 , 1986 ) .
A d d i t i o n a l  e q u i v a l e n t  c a p a c i t a n c e  w a s  s t i l l  n e c e s s a r y ,  a n d  c a n  b e  
f o u n d  b y  c l o s e  e x a m i n a t i o n  o f  t h e  e q u a t i o n s  o f  t h e  i n d u c t i o n  m a c h i n e .  
T h e  e q u a t i o n s  i n  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e  a l l o w  t h e  
s i m p l e s t  e x p l a n a t i o n ,  a s  d e r i v e d  i n  C h a p t e r  2 , s e c t i o n  2 . 3 .3
3.5 Physical Understanding Of T ransients
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( e q u a t i o n s  2 .1 8  a n d  2 . 19 ) ,  w i t h  t h e  e q u i v a l e n t  c i r c u i t  d i a g r a m  s h o w n  
i n  F i g u r e  2 . 5 .
T h e  e q u i v a l e n t  c i r c u i t  r e p r e s e n t s  t h e  d i f f e r e n t i a l  e q u a t i o n s  i n  t h e  
d i r e c t  (D )  a n d  q u a d r a t u r e  (Q )  a x i s  i n  t h e  s y n c h r o n o u s l y  r o t a t i n g  
r e f e r e n c e  f r a m e .  T h e  v o l t a g e  s o u r c e s  p r e s e n t  i n  e a c h  c i r c u i t  a r e  
d e p e n d e n t  o n  f l u x  l i n k a g e  ( c u r r e n t )  i n  t h e  o t h e r  c i r c u i t ,  a n d  i t  i s  o n  
t h e s e  w e  f o c u s  o u r  a t t e n t i o n .
D a x i s ,  s t a t o r  s i d e  v o l t a g e  s o u r c e ,  e q u i v a l e n t  i m p e d a n c e  (Z  ) : -  
—JC*> 0
Z = 1 * 2  ( 3 . 4 1 )
SD 1
SD
- j w  [ L  i  + L  i  j  „
= s  - S - f g ............°  = 1 _  ( 3 . 4 2 )
SD 1 JW C
SD S SD
w h e r e : -
C = — --—   ( 3 . 4 3 )
SD 0) [L  i  + L  i  ]
S S SQ 0  RQ
Q a x i s ,  s t a t o r  s i d e  v o l t a g e  s o u r c e ,  e q u i v a l e n t  i m p e d a n c e  (Z  ) : -
6) 0  
S  SD
Z = ......... ( 3 . 4 4 )
SQ J l
°  SQ
a) [ L  i  + L  i  ] „
.  S  S  S D  0  RD =  1 _
5 0  J 1 SQ  J “ S  SO
w h e r e : -
C = —  22  ( 3 . 4 6 )
SQ 2  r T • T « 1o) [L  l  +L l  J
S  S SD 0  RD
E a c h  r e p r e s e n t s  a n  e q u i v a l e n t  c a p a c i t a n c e  v a r y i n g  w i t h  s u p p l y  
f r e q u e n c y  (a>s ) a n d  s t a t o r  a n d  r o t o r  c u r r e n t  c o m p o n e n t s .
S i m i l a r l y  f o r  t h e  v o l t a g e  s o u r c e  i n  t h e  r o t o r  s i d e  D a x i s ,  e q u i v a l e n t
i m p e d a n c e  (Z  ) :  -  
RD
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c  = ---------------------  ( 3 . 4 9 )
RD o) w [ L  i  + L i ]
SL  S  0  SQ R RQ
Q a x i s ,  r o t o r  s i d e  v o l t a g e  s o u r c e ,  e q u i v a l e n t  i m p e d a n c e  (Z  } : -
RQ
where:-
W 0 SL^ !
"RQ ~ 3 T
Z = f t  ™ ( 3 . 5 0 )
RQ
u  [ L i  + L  i  ] ,
=  SL  0  SD R _ R D _  =  _ 1  ( 3
J 1 R Q J “ s  RQ
w h e r e : -
i
C = ----------------- — -------------------  ( 3 . 5 2 )
RQ o) w [L  i  + L i  ]
SL  S Q SD R RD
A g a i n  e a c h  r e p r e s e n t s  a n  e q u i v a l e n t  c a p a c i t a n c e  v a r y i n g  w i t h  
i n s t a n t a n e o u s  s l i p  f r e q u e n c y  ( WS L ) a n c * w i t h  t h e  s t a t o r  a n d  r o t o r  
c u r r e n t  c o m p o n e n t  s .
T o g e t h e r  t h e s e  v o l t a g e  s o u r c e s  r e p r e s e n t  t h e  e q u i v a l e n t  c a p a c i t a n c e s ,  
p r o v i d i n g  t h e  k e y  t o  t h e  d u a l  e n e r g y  s t o r a g e  e l e m e n t s  i n  t h e  i n d u c t i o n  
m a c h i n e .  T h e  f a c t  t h a t  t h e s e  c a p a c i t a n c e s  v a r y  w i t h  s u p p l y  f r e q u e n c y  
(w s ) ,  s t a t o r  a n d  r o t o r  c u r r e n t  c o m p o n e n t s ,  a n d  i n s t a n t a n e o u s  s l i p  
f r e q u e n c y  ( WS L )> e x p l a i n s  t h e  c o m p l e x  t r a n s i e n t  r e s p o n s e s ,  a n d  w h y  
t h e s e  v a r y  s o  m u c h  w i t h  o p e r a t i n g  p o i n t .  P h y s i c a l l y  t h i s  m e a n s  t h a t  
t h e  D-Q  a x i s  c i r c u i t s  t h e m s e l v e s  f o r m  a n  o s c i l l a t o r y  s y s t e m ,  w i t h  t h e  
e n e r g y  e x c h a n g e  o c c u r r i n g  b e t w e e n  t h e  D a n d  Q a x i s  f l u x  l i n k a g e s  (GRAY 
1984 ) .
3.6 Summary
I n  t h i s  C h a p t e r  w e  h a v e  s i m p l y  d e r i v e d  a n d  r e p r e s e n t e d  t h e  i m p r e s s e d  
c u r r e n t  m a c h i n e  t r a n s i e n t  r e s p o n s e  u s i n g  space  v e c to r s ,  w h i c h  i s  v a l i d  
e v e n  f o r  v a r y i n g  s h a f t  s p e e d .  H o w e v e r  o u r  s i m p l e  a n a l y s i s  f o r  t h e  
v o l t a g e  f e d  m a c h i n e  i s  o n l y  v a l i d  f o r  t h e  r o t o r  s h a f t  s p e e d  r e m a i n i n g  
c o n s t a n t  o v e r  t h e  t r a n s i e n t  p e r i o d .  T h e  a c c u r a c y  w i l l  d e p e n d  o n  t h e  
s h a f t  s p e e d  c h a n g e  d u r i n g  t h e  d o m i n a n t  t r a n s i e n t  t i m e  i n t e r v a l .  N e a r  
r a t e d  c o n d i t i o n s ,  t h e  m e c h a n i c a l  t i m e  c o n s t a n t  i s  n o r m a l l y  g r e a t e r  
t h a n  t h e  e l e c t r i c a l  t i m e  c o n s t a n t s .
I n  e f f e c t  t h i s  h a s  l i n e a r i s e d  t h e  m a c h i n e  e q u a t i o n s  a n d  t h e  a n a l y s i s  
i s  t h e r e f o r e  v a l i d  f o r  b o t h  s m a l l  a n d  l a r g e  o p e r a t i n g  p o i n t  
d i s t u r b a n c e s .  B y  l i n e a r i s i n g  t h e  e q u a t i o n s  a b o u t  a n  o p e r a t i n g  p o i n t  
( s u p p l y  f r e q u e n c y ,  s h a f t  s p e e d ) ,  t h e  s h a f t  s p e e d  c a n  b e  i n t r o d u c e d  a s  
a n  a d d i t i o n a l  s t a t e ,  a n d  t h e  t r a n s i e n t  r e s p o n s e  f o r  s m a l l  d i s t u r b a n c e s  
a b o u t  t h e  o p e r a t i n g  p o i n t  d e t e r m i n e d .  T h i s  h a s  b e e n  a n a l y s e d  i n  g r e a t  
d e t a i l  i n  t h e  l i t e r a t u r e ,  b u t  w o u l d  h a v e  d e t r a c t e d  h e r e  f r o m  t h e  
s i m p l e  a p p r o a c h  t o  t h e  p r o b l e m ,  w h i c h  g i v e s  a  f e e l  f o r  t h e  m a c h i n e  
t r a n s i e n t  b e h a v i o u r .
T h e  s i m u l a t i o n  t e c h n i q u e s  u s e d  i n  C h a p t e r  4 s o l v e  t h e  m a c h i n e  a n d  l o a d  
d i f f e r e n t i a l  e q u a t i o n s  n u m e r i c a l l y ,  a n d  s h o u l d  b e  v a l i d  u n d e r  a l l  
d y n a m i c  c o n d i t i o n s .
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CONTROL STRATEGIES
T h e  t h r e e  f u n d a m e n t a l  d y n a m i c  t o r q u e  c o n t r o l  s t r a t e g i e s  a r e  d e r i v e d  
f r o m  t h e  a n a l y s i s  o f  C h a p t e r s  2 a n d  3 . T h e  m o s t  p r a c t i c a l  s c h e m e s  a r e  
s h o w n  t o  m a i n t a i n  t h e  f l u x  m a g n i t u d e  c o n s t a n t  d u r i n g  t o r q u e  c h a n g e s .  
T h e  c o n c e p t s  o f  v e c to r  ( m a g n i t u d e  a n d  p h a s e )  a n d  s c a la r  ( m a g n i t u d e  
o n l y )  c o n tr o l  a r e  d e f i n e d ,  a n d  i t  i s  s h o w n  t h a t  s c a la r  c o n tr o l  s c h e m e s  
a l w a y s  h a v e  a n  i n h e r e n t l y  p o o r  t r a n s i e n t  r e s p o n s e ,  w h i c h  c a n  b e  
p r e d i c t e d  f r o m  t h e  r e s u l t s  o f  C h a p t e r  3 . I n  a d d i t i o n  v e c to r  c o n tr o l  
w i t h  r e s p e c t  t o  t h e  f l u x  space  v e c to r ,  u n d e r  c o n s t a n t  m a c h i n e  f l u x  
m a g n i t u d e  i s  s h o w n  t o  p r o d u c e  e x c e l l e n t  t r a n s i e n t  p e r f o r m a n c e .  
S i m u l a t i o n s  a r e  p e r f o r m e d  t o  d e m o n s t r a t e  t h a t  t h e  s c a la r  a n d  v e c to r  
c o n tr o l  p e r f o r m a n c e  a g r e e s  w i t h  t h e  t h e o r e t i c a l  a n a l y s i s .
4 . 1 T o r q u e  C o n t r o l  S t r a t e g i e s
F r o m  C h a p t e r  2 , s e c t i o n  2 . 4 , t h e  f u n d a m e n t a l  c o n c e p t  o f  t o r q u e
p r o d u c t i o n  i n s i d e  t h e  m a c h i n e ,  d e p e n d s  o n  f l u x  a n d  c u r r e n t  space
v e c to r  i n t e r a c t i o n .  T o  k e e p  t h i s  d i s c u s s i o n  a s  g e n e r a l  a s  p o s s i b l e ,  w e  
s h a l l  c h o o s e  t h e  t o r q u e  e x p r e s s i o n  i n v o l v i n g  t h e  i m p r e s s e d  a n d
c o n t r o l l e d  s t a t o r  c u r r e n t  space  v e c to r  ( i ^ )  a n d  a n y  o f  t h e  m a c h i n e
f l u x  l i n k a g e  space  v e c to r s  ( s t a t o r ,  a i r  g a p  o r  r o t o r ) ,  f o r  w h i c h  w e  
s h a l  
2 . 4 )
a l l  s u b s t i t u t e  ip ( g e n e r a l  p u r p o s e ) .  T h e n  ( C h a p t e r  2 , s e c t i o n
—GP
M =  K ( i  x  ip  )  ( 4 . 1 )
E —S  -HTP
w h e r e  K i s  a  c o n s t a n t ,  d e p e n d e n t  o n  t h e  f l u x  l i n k a g e  w e  h a v e  c h o s e n .  
T h i s  c a n  a l s o  b e  w r i t t e n  a s : -
M = K L  ( i  x  i  ) ( 4 . 2 )
E 0  - S  —MGP
w h e r e  i  i s  t h e  e q u i v a l e n t  m a g n e t i s i n g  c u r r e n t  sp a ce  v e c t o r , o r  a s : -  
—MGP
ME = K L o l i s l l i HGpl s i n  ( 6 ) ( 4 . 3 )
w h e r e  6 i s  k n o w n  a s  t h e  t o r q u e  a n g l e .  U n d e r  m o t o r i n g  c o n d i t i o n s  t h e s e  
e q u a t i o n s  m a y  b e  d e s c r i b e d  a c c o r d i n g  t o  F i g u r e  4 . 1 , w i t h  t h e  f l u x
55
l i n k a g e  space  v e c to r  ( 0 G p ) l a g g i n g  b e h i n d  t h e  s t a t o r  c u r r e n t  space  
v e c to r  f o g )  b y  t o r q u e  a n g l e  ( 6 ) ,  w h i c h  i s  r e l a t e d  t o  t h e
i n s t a n t a n e o u s  s l i p  f r e q u e n c y  ( C h a p t e r  3 ) .
E x p r e s s i o n  4 .3  a l l o w s  u s  t o  d e v e l o p  s e v e r a l  t o r q u e  c o n t r o l  s t r a t e g i e s ,  
i n v o l v i n g  t h e  t h r e e  v a r i a b l e s ,  f l u x  m a g n i t u d e  (0  =L i  ) ,  s t a t o r
G P  0  MG P
c u r r e n t  m a g n i t u d e  ( i s ) a n d  t o r q u e  a n g l e  ( 6 ) ( i n s t a n t a n e o u s  s l i p ) .  T h i s  
c a n  b e  a l t e r n a t i v e l y  t h o u g h t  o f  a s  c o n t r o l l i n g  t h e  s t a t o r  c u r r e n t  a n d  
f l u x  sp a ce  v e c to r s '  m a g n i t u d e  a n d  p h a s e ,  w i t h  r e s p e c t  t o  a  com m o n  
r e f e r e n c e  f r a m e .  Now, a s s u m i n g  f o r  s i m p l i c i t y  t h a t  w e  m a i n t a i n  o n e  
v a r i a b l e  c o n s t a n t  i n  e q u a t i o n  4 . 3 , t h i s  l e a d s  t o  o n l y  t h r e e  p o s s i b l e  
p e r m u t a t i o n s  f o r  d y n a m i c  t o r q u e  c o n t r o l ,  a s  t h e  t w o  r e m a i n i n g  
v a r i a b l e s  w i l l  b e  i n t e r c o n n e c t e d  b y  a  f i x e d  r e l a t i o n s h i p  (KRISHNAN 
1980 , NAUNIN 1986 ) .  T h e  t h r e e  s c h e m e s  a r e : -
S c h e m e  ( i )  M a i n t a i n  s t a t o r  c u r r e n t  space  v e c to r  m a g n i t u d e  ( i g ) 
c o n s t a n t ,  c o n t r o l  t o r q u e  w i t h  t h e  f l u x  l i n k a g e  space
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v e c to r  m a g n i t u d e  (0  ) ,  a n d  t o r q u e  a n g l e  ( 5 )
G P
( i n s t a n t a n e o u s  s l i p ) .  ( KAZMIERKOWSKI 1983 ) .
S c h e m e  ( i i )  M a i n t a i n  t o r q u e  a n g l e  ( 6 ) c o n s t a n t ,  c o n t r o l  t o r q u e  w i t h  
s t a t o r  c u r r e n t  space  v e c to r  m a g n i t u d e  ( i s ) a n d  f l u x  
l i n k a g e  space  v e c to r  m a g n i t u d e  (KAZMIERKOWSKI
1983 , KRISHNAN 1983 ) .
S c h e m e  ( i i i )  M a i n t a i n  f l u x  l i n k a g e  space  v e c to r  m a g n i t u d e  (0  )
GP
c o n s t a n t ,  c o n t r o l  t o r q u e  w i t h  s t a t o r  c u r r e n t  space  v e c to r  
m a g n i t u d e  ( i g ) ,  a n d  t o r q u e  a n g l e  ( 5 ) .  (ABBONDANTI 1977 , 
KAZMIERKOWSKI 1983 , MAGG 1971 , MOKRYTZKI 1968 , NABAE 
1978 , O H N ISH I, 1985 , STEFANOVIC 1975 , 1976 ) .
I n  g e n e r a l  f o r  f a s t  t o r q u e  c o n t r o l  t h e  f l u x  ( f l u x  l i n k a g e )  m a g n i t u d e  
i s  m a i n t a i n e d  c o n s t a n t  n e a r  s a t u r a t i o n  (ABBONDANTI 1977 ) ,  f o r  t h e  
f o l l o w i n g  r e a s o n s : -
( a )  F r o m  t h e  a n a l y s i s  o f  C h a p t e r  3 , s e c t i o n  3 . 3 , w e  h a v e  
o b s e r v e d  t h a t  a n y  c h a n g e  i n  t h e  f l u x  l i n k a g e  space  v e c to r  
m a g n i t u d e  ^ Gp) a l w a y s  i n v o l v e s  s o m e  f o r m  o f  t r a n s i e n t  
( n a t u r a l )  r e s p o n s e .
( b )  T o r q u e - s l i p  c h a r a c t e r i s t i c s  s h o w  t h e  t o r q u e  t o  b e  r e l a t e d  t o  
t h e  s q u a r e  o f  t h e  f l u x  m a g n i t u d e  ( C h a p t e r  2 , s e c t i o n  2 . 5 ) ,  
h e n c e  r a t e d  f l u x  ( f l u x  l i n k a g e )  p r o v i d e s  m a x im u m  u t i l i s a t i o n  
o f  t h e  m a c h i n e  c o r e  m a t e r i a l  ( w h i c h  d e t e r m i n e s  t h e  m a c h i n e  
s i z e  f o r  a  g i v e n  t e m p e r a t u r e )  a n d  c o n s e q u e n t l y  t h e  g r e a t e s t  
t o r q u e  p e r  am p  o f  i n p u t  c u r r e n t .
( c )  T h e  e n e r g y  i n v o l v e d  i n  t r a n s i e n t l y  c h a n g i n g  t h e  m a g n e t i c  
f i e l d  i s  l a r g e  ( r e l a t e d  t o  t h e  m a g n e t i s i n g  i n d u c t a n c e  L q ) ,  
e s p e c i a l l y  w h e n  c o m p a r e d  w i t h  t h e  e n e r g y  i n v o l v e d  i n  
t r a n s i e n t l y  c h a n g i n g  t h e  s t a t o r  c u r r e n t  ( r e l a t e d  t o  t h e  
l e a k a g e  i n d u c t a n c e s ) .  T h i s  i s  a n a l o g o u s  t o  t h e  s e p a r a t e l y  
e x c i t e d  DC m a c h i n e ,  w h e r e  t h e  i n d u c t a n c e  o f  t h e  f i e l d  
w i n d i n g  ( L  ) ,  a n d  h e n c e  t h e  a s s o c i a t e d  e n e r g y  s t o r a g e  i s
F
much g re a te r  than the inductance of the armature c i r c u i t
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( L  ) ,  a n d  i t s  e n e r g y  s t o r a g e .  S i n c e  c h a n g i n g  e n e r g y  t a k e s
A
t i m e  ( a n d  i s  e x p e n s i v e  i n  t h e  p o w e r  e l e c t r o n i c s ) ,  t h e
s m a l l e s t  n e c e s s a r y  e n e r g y  c h a n g e  l e a d s  t o  t h e  f a s t e s t  ( a n d  
c h e a p e s t )  r e s p o n s e .
T h e  f i r s t  c o n t r o l  s c h e m e  ( i ) ,  w i l l  h a v e  a  p o o r  d y n a m i c  p e r f o r m a n c e ,  
s i n c e  a  c h a n g e  i n  f l u x  l i n k a g e  space  v e c to r  m a g n i t u d e  (0  ) o c c u r s
GP
w i t h  a  c h a n g e  i n  t o r q u e  a n g l e  ( 6 ) ( i n s t a n t a n e o u s  s l i p )  o r  v i s a  v e r s a .  
T h i s  s c h e m e  i s  o f t e n  u s e d  f o r  o p e r a t i n g  m a c h i n e s  u n d e r  f i e l d
w e a k e n i n g .
T h e  s e c o n d  c o n t r o l  s c h e m e  ( i i )  g i v e s  t h e  i n d u c t i o n  m a c h i n e  a  b e h a v i o u r  
l i k e  a  s e r i e s  c o n n e c t e d  DC m a c h i n e ,  s i n c e  t h e  t o r q u e  i s  n o w  r e l a t e d  t o  
t h e  s q u a r e  o f  t h e  s t a t o r  c u r r e n t  sp a ce  v e c to r  m a g n i t u d e  ( i g ) -  A g a i n  
d y n a m i c  p e r f o r m a n c e  i s  p o o r  s i n c e  a  c h a n g e  i n  t h e  f l u x  l i n k a g e  space  
v e c to r  (ip ) o c c u r s .=GP
T h e  t h i r d  a n d  f i n a l  s c h e m e  ( i i i )  h a s  t h e  m o s t  d e s i r a b l e  d y n a m i c  
c h a r a c t e r i s t i c s ,  a  c o n s t a n t  f l u x / f l u x  l i n k a g e  m a g n i t u d e ,  c o n t r o l l i n g  
t o r q u e  w i t h  t h e  s t a t o r  c u r r e n t  space  v e c to r  m a g n i t u d e  ( j ^ )  a n d  t o r q u e  
a n g l e  ( S )  ( i n s t a n t a n e o u s  s l i p ) .  T h i s  i s  t h e  m o s t  co m m o n  c o n t r o l  s c h e m e  
i m p l e m e n t e d  b e l o w  b a s e  s p e e d  f o r  d y n a m i c  c o n t r o l l e r s .  I n  p r a c t i c e  t h e  
c h o i c e  m u s t  b e  m a d e  b e t w e e n  m a i n t a i n i n g  t h e  s t a t o r  (0  _ ) ,  a i r  g a p  (0  )
— S — GP
o r  r o t o r  (0  ) f l u x  l i n k a g e  space  v e c to r  m a g n i t u d e  c o n s t a n t .  I n  g e n e r a l
■ R
t h e  t h r e e  h a v e  s i m i l a r  m a g n i t u d e s  a n d  p h a s e s ,  a l t h o u g h  u n d e r  m o t o r i n g  
c o n d i t i o n s  t h e  s t a t o r  f l u x  l i n k a g e  h a s  t h e  l a r g e s t  a m p l i t u d e  a n d  t h e  
r o t o r  f l u x  l i n k a g e  t h e  s m a l l e s t .  I f  r o t o r  f l u x  l i n k a g e  m a g n i t u d e  (0  ) 
w e r e  m a i n t a i n e d  c o n s t a n t  a t  t h e  r a t e d  v a l u e  f o r  m a x im u m  m a c h i n e  
u t i l i s a t i o n ,  t h e n  u n d e r  m o t o r i n g  t o r q u e s  ( l a r g e  s t e a d y  s t a t e  s l i p s )  
t h e  s t a t o r  f l u x / f l u x  l i n k a g e  m a y  s a t u r a t e .  S i m i l a r l y  u n d e r  g e n e r a t i n g  
c o n d i t i o n s  t h e  r o t o r  f l u x  l i n k a g e  c a n  h a v e  t h e  l a r g e s t  a m p l i t u d e  a n d  
t h e  s t a t o r  f l u x  l i n k a g e  t h e  s m a l l e s t .  I f  s t a t o r  f l u x / f l u x  l i n k a g e  w e r e  
m a i n t a i n e d  c o n s t a n t  a t  r a t e d  v a l u e ,  u n d e r  l a r g e  r e g e n e r a t i v e  t o r q u e s  
t h e  r o t o r  f l u x / f l u x  l i n k a g e  m a y  s a t u r a t e .  H i t h e r t o  c o n t r o l  s c h e m e s  
h a v e  c o m p r o m i s e d  a n d  a t t e m p t e d  t o  m a i n t a i n  a i r  g a p  f l u x / f l u x  l i n k a g e  j 
c o n s t a n t .
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N o t e  t h a t  w i t h  s u i t a b l e  c l o s e d  l o o p  c o n t r o l  i t  w o u l d  b e  p o s s i b l e  t o  
i m p l e m e n t  d y n a m i c  t o r q u e  c o n t r o l  s c h e m e s  w h i c h  a l l o w  f l u x  l i n k a g e  
m a g n i t u d e  a n d  p h a s e  v a r i a t i o n s  ( w i t h  t h e i r  i n h e r e n t  t r a n s i e n t  
r e s p o n s e ) ,  b u t  w h i c h  f u n c t i o n  d y n a m i c a l l y  b y  c o m p e n s a t i n g  f o r  t h e  
t r a n s i e n t  t e r m .  H o w e v e r  t h e s e  s c h e m e s  a r e  c o m p l i c a t e d  a n d  h a v e  y e t  t o  
b e  i n v e s t i g a t e d  i n  f u l l  t o  s e e  i f  t h e y  o f f e r  a n y  a d v a n t a g e s  o v e r  t h e  
s i m p l e r  s c h e m e s .
4 .2  D e f i n i t i o n  O f  S c a l a r  A n d  V e c t o r  C o n t r o l  S c h e m e s
Scalar control, a s  t h e  n a m e  i m p l i e s ,  c o n t r o l s  t h e  f l u x  a n d  c u r r e n t  
space vectors a n d  s t e a d y  s t a t e  s l i p  a s  scalar q u a n t i t i e s  ( i . e .  
m a g n i t u d e  a n d  n o t  p h a s e ) ,  w i t h  n o  c o n t r o l  o v e r  t h e  t r a n s i e n t  t o r q u e  
a n g l e  ( 6 ) .  I n  c o m p a r i s o n ,  v e c t o r  control s c h e m e s ,  c o n t r o l  t h e  f l u x  a n d  
c u r r e n t  space vectors a n d  t h e  i n s t a n t a n e o u s  s l i p  ( t o r q u e  a n g l e )  a s  
vector q u a n t i t i e s  ( i . e .  b o t h  m a g n i t u d e  a n d  p h a s e ) .
U s i n g  t h e  r o t o r  f l u x  e q u a t i o n s  f o r  s i m p l i c i t y ,  t h e n  f r o m  C h a p t e r  3 , 
s e c t i o n  3 . 3 . 3 , w e  h a v e  d e t e r m i n e d  t h e  c o m p l e t e  r e s p o n s e  o f  t h e  r o t o r  
f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t  ( a n d  h e n c e  r o t o r  f l u x )  space vector. 
H e n c e  ( i n  t h e  s t a t i o n a r y  r e f e r e n c e  f r a m e )  a f t e r  a  c h a n g e  i n  s t a t o r  
c u r r e n t  space vector a n d  i n s t a n t a n e o u s  s l i p  a t  t i m e  ( t  = 0 ) : -
- t / T  j w  t
i  ( t > 0 ) = Q e  e  R + i  ( t > 0 ) . ^  ( 4 . 4 )
-M R  -  - s  1+ j o  ( t > 0 )T
S L  R
w h e r e : -
- t / T  ju> t ^ R R (A ClQ e  e  ( 4 . 5 )
i s  t h e  t r a n s i e n t  ( n a t u r a l  o r  u n f o r c e d )  r e s p o n s e ,  a n d : -
Q = i s ( t = 0 - )  1+ ( t =0 - ) T  "  - s ( t = 0 + )  1+ jw  ( t = 0+ )T  ( 4 * 6 )
S L  R SL R
We h a v e  d e t e r m i n e d  t h a t  a  c h a n g e  i n  f l u x  l i n k a g e  m a g n e t i s i n g  c u r r e n t
m a g n i t u d e ,  w i l l  h a v e  a  s l o w  t r a n s i e n t  r e s p o n s e ,  w h i c h  d e c a y s  w i t h  t h e
r o t o r  t i m e  c o n s t a n t  (T  ) .  T h i s  w i l l  b e  r e f l e c t e d  i n  a  s l o w  t o r q u e
R
t r a n s i e n t  r e s p o n s e .  T h u s  w e  w i s h  t o  c o n t r o l  t h e  f l u x  m a g n i t u d e  t o  b e
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c o n s t a n t  w h i c h  i s  i n  a g r e e m e n t  w i t h  t o r q u e  c o n t r o l  s c h e m e  ( i i i )  f o r  
t h e  b e s t  d y n a m i c  p e r f o r m a n c e .
H o w e v e r  t o  e n s u r e  t h a t  w e  d o  n o t  e x c i t e  t h e  t r a n s i e n t  t e r m ,  w e  m u s t  
m a k e  t h e  m a g n i t u d e  a n d  p h a s e  o f  Q t o  b e  z e r o ,  b y  c o n t r o l l i n g  t h u s : -
i  ( t = 0- ) = i  ( t = 0+) ( 4 . 7 )
-M R  -M R
o r :  -
i  ( t = 0 - ) i  ( t = 0 + )
iM R 1*"0' 1 = 1+ X ,  ( t = 0 - ) T  = —MR11”°+ 1 "  l + >  ( t = 0+ ) T  ( 4 - 8 )
S L  R S L  K
w h i c h  c o r r e s p o n d s  t o  e n s u r i n g  t h e  f l u x  space vector m a g n i t u d e  a n d  
p h a s e  i s  c o n t i n u o u s  a c r o s s  t h e  b o u n d a r y  a t  t i m e  z e r o .
T h i s  r e p r e s e n t s  a  vector control s c h e m e ,  s i n c e  t o  o b t a i n  t h e  i d e a l
t r a n s i e n t  f r e e  d y n a m i c  t o r q u e  r e s p o n s e ,  w e  m u s t  c o n t r o l  t h e  s t a t o r  
c u r r e n t  space vector’s m a g n i t u d e  a n d  i n s t a n t a n e o u s  s l i p  f r e q u e n c y  
( p h a s e )  a t  t i m e  t  = 0 a n d  b e y o n d .  T h e  i n s t a n t a n e o u s  c h a n g e  i n  s l i p  
f r e q u e n c y  c o r r e s p o n d s  ( v i a  e q u a t i o n  3 . 31 , C h a p t e r  3 ) t o  t h e  
i n s t a n t a n e o u s  c h a n g e  i n  t o r q u e  a n g l e  ( 5 ) ,  a n d  s o  w e  a r e  c o n t r o l l i n g  
t h e  m a g n i t u d e  a n d  p h a s e  o f  t h e  s t a t o r  c u r r e n t  space vector , w i t h  
r e s p e c t  t o  t h e  f l u x  space vector (KAWAMURA 1983 ) .  I f  t h e  r o t o r  f l u x  
space vector d i d  c h a n g e  t r a n s i e n t l y ,  b e c a u s e  o f  t h e  l i m i t a t i o n s  o f  o u r  
c o n t r o l  s c h e m e ,  t h e n  t h e  s t a t o r  c u r r e n t  space vector w o u l d  ‘ t r a c k ’ t h e  
r o t o r  f l u x  space vector, a l w a y s  i m p r e s s i n g  a  c o n s t a n t  t o r q u e  a n g l e .  
T h i s  i s  n o t  p o s s i b l e  u s i n g  a  scalar t y p e  c o n t r o l  s c h e m e ,  w h i c h  
m a i n t a i n s  t h e  f l u x  space vector m a g n i t u d e  c o n s t a n t  o n l y ,  a n d  c o n t r o l s  
t h u s : -
Ii I(t=0+)
( t = 0+} =     ( 4 . 9 )i i 1 r t - n _ ) - - S 1 i  1
‘ —MR1 ----------- ' -M R  '
/ 1+w2 ( t = 0 - ) T 2 / l + w 2 ( t = 0+ ) T 2
V  S L  R V S L  R
T r a n s i e n t l y  w e  c o u l d  s t e p  t h e  i m p r e s s e d  s t a t o r  c u r r e n t  space vector’s 
m a g n i t u d e ,  a n d  t h e  i n s t a n t a n e o u s  s l i p  f r e q u e n c y ,  b u t  t h i s  w o u l d  n o t  
g u a r a n t e e  t h e  c o n t i n u o u s  p h a s e  o f  t h e  m a g n e t i s i n g  c u r r e n t  f l u x  space 
vector.
T o a c h i e v e  vector control i t  i s  n e c e s s a r y  t o  k n o w  t h e  e x a c t  m a g n i t u d e
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a n d  p h a s e  o f  t h e  r o t o r  f l u x  l i n k a g e  space vector ( o r  r o t o r  f l u x  
l i n k a g e  m a g n e t i s i n g  c u r r e n t  space vector ) d y n a m i c a l l y ,  a n d  t o  b e  a b l e  
t o  c o n t r o l  ( i m p r e s s )  i n s t a n t a n e o u s l y  t h e  d e s i r e d  c u r r e n t  space vector 
m a g n i t u d e  a n d  p h a s e .
A s  m e n t i o n e d  i n  C h a p t e r s  2 a n d  3 , a n d  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  5 ,
vector controllers t e n d  t o  c o n t r o l  t h e  s t a t o r  c u r r e n t  space vector
( i  ) w i t h  r e s p e c t  t o  t h e  r o t o r  f l u x / f l u x  l i n k a g e  space vector (0  ) ,  
—3  R
d u e  t o  t h e  m a t h e m a t i c a l  s i m p l i c i t y  o f  t h e  c o n t r o l  s c h e m e  (G A B R IE L
1979 , 1980 , 1982 ) f o r  c o n s t a n t  f l u x  m a g n i t u d e .  T h e s e  a r e  o f t e n  t e r m e d  
a s  F i e l d  O r i e n t e d  C o n t r o l l e r s  ( F O C ) .  H o w e v e r  vector controllers c a n  b e  
b u i l t  w h i c h  u s e  t h e  s t a t o r  o r  a i r  g a p  f l u x / f l u x  l i n k a g e  space vector 
a s  r e f e r e n c e s  (HO 1988 , XU 1988 ) .
4 .3  O p e n  L o o p  I m p r e s s e d  C u r r e n t  S c h e m e s
T h e  f o l l o w i n g  s u b  s e c t i o n s  s h o w  t h e  s i m u l a t e d  a n d  p r e d i c t e d  t o r q u e  a n d  
f l u x  l i n k a g e  r e s p o n s e s  f o r  t h e  t h r e e  i m p r e s s e d  s t a t o r  c u r r e n t  c o n t r o l  
s c h e m e s  o f  s e c t i o n  4 .1  u n d e r  scalar a n d  v e c t o r  t y p e s  o f  c o n t r o l ,  u s i n g  
t h e  r o t o r  f l u x  r e f e r e n c e  f r a m e  e q u a t i o n s .
T h e  t o r q u e  a n d  f l u x  l i n k a g e  r e s p o n s e  c o n s i s t s  o f  t h e  f o r c e d  a n d
t r a n s i e n t  t e r m  a s  h a s  b e e n  d e r i v e d  i n  C h a p t e r  3 , s e c t i o n  3 . 3 . 3 .
S i m u l a t i o n  s o l v e s  t h e  c o m p l e t e  m a c h i n e ,  l o a d  a n d  c o n t r o l  d i f f e r e n t i a l  
e q u a t i o n s  f o r  t h e  c o m p l e t e  t i m e  r e s p o n s e  ( f o r c e d  a n d  t r a n s i e n t )
i n h e r e n t l y ,  w h e r e a s  m a t h e m a t i c a l l y  w e  m u s t  s o l v e  f o r  e a c h  p a r t
s e p a r a t e l y .  A l l  s i m u l a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  t h e  A C SL  p a c k a g e  
( C h a p t e r  2 , s e c t i o n  2 . 6 ) .
T h e  f o l l o w i n g  r e s u l t s  ( a l l  i n  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  
f r a m e )  a r e  f o r  t h e  7 .5  kW GEC i n d u c t i o n  m a c h i n e ,  w h o s e  f u l l  o p e r a t i n g  
p a r a m e t e r s  a r e  g i v e n  i n  A p p e n d i x  F .  T h e  c o n t r o l  s c h e m e s  a s s u m e  t h e  
m a c h i n e  t o  b e  f e d  f r o m  a  t h e o r e t i c a l  c u r r e n t  s o u r c e  c a p a b l e  o f  
i m p r e s s i n g  s t e p  c h a n g e s  o f  s t a t o r  c u r r e n t  space vector m a g n i t u d e  a n d  
p h a s e  i n s t a n t a n e o u s l y ,  a n d  t h a t  t h e  r o t o r  f l u x  space vector 
i n f o r m a t i o n  i s  k n o w n  ( f o r  t h e  vector control s c h e m e s ) .
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T o  a c h i e v e  c o m p a r a b l e  s i m u l a t i o n  a n d  t h e o r e t i c a l  r e s u l t s ,  f o r  t h e  
v e c to r  a n d  s c a la r  c o n tr o l  s c h e m e s ,  i d e n t i c a l  i n i t i a l  c o n d i t i o n s  w e r e  
c h o s e n  f o r  b o t h : -
( a )  S t e a d y  s t a t e  c o n d i t i o n s  h a v e  b e e n  r e a c h e d ,  a l l  t r a n s i e n t  
t e r m s  h a v i n g  d e c a y e d  t o  v e r y  s m a l l  v a l u e s .  T h i s  i n v o l v e s  
r u n n i n g  t h e  s i m u l a t i o n  f r o m  t h e  a p p r o p r i a t e  i n i t i a l  
c o n d i t i o n s  f o r  2 .5  s e c o n d s  p r i o r  t o  a p p l y i n g  t h e  t o r q u e  
c o n t r o l .
( b )  A v e r y  l a r g e  i n e r t i a  h a s  b e e n  a d d e d  t o  t h e  m a c h i n e  r o t o r
2
i n e r t i a  ( m a k i n g  t h e  t o t a l  i n e r t i a  J  = 1000 k g m  ) .  T h i s
p r e v e n t s  s i g n i f i c a n t  r o t o r  s h a f t  s p e e d  c h a n g e  o c c u r r i n g  
d u r i n g  t h e  t r a n s i e n t  t i m e  i n t e r v a l .  I t  s i m p l i f i e s  
c o m p a r i s o n s  o f  t h e  t h e o r e t i c a l  a n d  s i m u l a t e d  r e s p o n s e s ,  e v e n  
t h o u g h  b o t h  a r e  v a l i d  f o r  v a r y i n g  s h a f t  s p e e d .
( c )  T h e  m a c h i n e  i s  i n i t i a l l y  o p e r a t i n g  a t  h a l f  t h e  r a t e d  s t e a d y  
s t a t e  s l i p  f r e q u e n c y  ( r a t e d  = 1 .8  H z ) ,
N o t e  t h a t  f o r  t h e  s i m u l a t e d  r e s u l t s ,  t h e  a x e s  a r e  l a b e l l e d  t o  t w o  
d e c i m a l  p l a c e s  o n l y  ( t r u n c a t e d ) .
4 . 3 . 1 s c a l a r  c o n t r o l
I n  t h i s  s e c t i o n  w e  w i l l  d e m o n s t r a t e  t h e  s i m u l a t e d  r e s u l t s  o f  t h e  t h r e e  
t o r q u e  c o n t r o l  s c h e m e s  d e s c r i b e d  i n  s e c t i o n  4 .1  u n d e r  s c a la r  c o n t r o l . 
I n  t h e  f i r s t  s e c t i o n  w e  s h a l l  a l s o  d i r e c t l y  c o m p a r e  t h e  s i m u l a t e d  a n d  
t h e o r e t i c a l  r e s u l t s  o f  C h a p t e r  3 ( s e c t i o n  3 . 3 )
4 . 3 . 1 .1  s c h e m e  ( i )
S c h e m e  ( i )  m a i n t a i n s  t h e  s t a t o r  c u r r e n t  sp a ce  v e c to r  m a g n i t u d e  
c o n s t a n t  a n d  c o n t r o l s  t o r q u e  w i t h  t o r q u e  a n g l e  ( i n s t a n t a n e o u s  s l i p )  
a n d  t h e  r o t o r  f l u x  space  v e c to r  (0  ) m a g n i t u d e .
—R
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To d e m o n s t r a t e  t h e  a c c u r a c y  o f  t h e  m a t h e m a t i c a l  t r a n s i e n t  d e s c r i p t i o n  
o f  C h a p t e r  3 , w i t h  s i m u l a t e d  r e s u l t s ,  a n  i n i t i a l  i m p r a c t i c a l  o p e r a t i n g  
p o i n t  w a s  c h o s e n .  T h i s  w a s  f o r  a  m a c h i n e  r u n n i n g  u n d e r  r a t e d  s t a t o r  
c u r r e n t  space  v e c to r  m a g n i t u d e  a n d  a n g u l a r  f r e q u e n c y  (_is ) w i t h  a n  
i n i t i a l  s h a f t  s p e e d  o f  0 .9 2 8  o f  r a t e d  ( s l i p  f r e q u e n c y  t w i c e  r a t e d ) .  B y  
s t e p  c h a n g i n g  t h e  s t a t o r  c u r r e n t  space  v e c to r  f r e q u e n c y  ( a t  t  = 2 .5  
s e c o n d s ) ,  t h e  s l i p  f r e q u e n c y  w a s  s t e p  i n c r e a s e d  t o  2 .2 8  t i m e s  r a t e d .
F r o m  t h e  a n a l y s i s  o f  C h a p t e r  3 , s e c t i o n  3 .3  w i t h  r e f e r e n c e  t o  t h e  
s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e ,  t h e  t r a n s i e n t  r e s p o n s e  w i l l  b e  
g o v e r n e d  b y  t h e  m a c h i n e  e i g e n - v a l u e s  d e f i n e d  b y :  -
R
F o r  t h i s  m a c h i n e  t h e  r o t o r  t i m e  c o n s t a n t  (T  ) i s  218 m s ,  a n d  t h e  f i n a lR
s l i p  f r e q u e n c y  i s : -
0  ( t  »  0 ) = 2 .0  x  i t  x  1 .8  x  2 .2 8  = 25 .76  r a d s / s e c  ( 4 . 11 )
SL
T h i s  p r e d i c t s  t h e  t r a n s i e n t  e x p o n e n t i a l  d e c a y  t i m e  c o n s t a n t  t o  b e  218 
m s a n d  t h e  o s c i l l a t i o n  f r e q u e n c y  ( p e r i o d )  t o  b e  4 .1  Hz (244  m s ) .
T h e  t o r q u e  a n g l e  ( 5 ) b e t w e e n  t h e  f o r c e d  r o t o r  f l u x  space  v e c to r  
r e s p o n s e  (0  ) a n d  t h e  s t a t o r  c u r r e n t  space  v e c to r  ( i  ) i s  g i v e n  f r o m
R —S
C h a p t e r  3 , e q u a t i o n  3 . 31 , w i t h  a n  i n i t i a l  s l i p  o f : -
0  ( t  < 0 ) = 2 . 0 x  t i  x  1 .8  x  2 . 0 = 22 .6 2  r a d s / s e c  ( 4 . 12 )
SL
T h u s  t h e  t o r q u e  a n g l e  w i l l  b e  i n i t i a l l y  ( t  < 2 .5  s e c o n d s )  1.371  r a d s  
a n d  f i n a l l y  1.395  r a d s  i n  t h e  s t e a d y  s t a t e .
T h e  s i m u l a t e d  t i m e  r e s p o n s e  o f  t h e  r o t o r ,  s t a t o r  a n d  a i r  g a p  f l u x  
l i n k a g e  space  v e c to r s '  m a g n i t u d e s  a r e  s h o w n  i n  F i g u r e s  4 . 2 , 4 .3  a n d
4 .4  r e s p e c t i v e l y ,  w i t h  t h e  t o r q u e  a n g l e  a n d  e l e c t r i c a l  t o r q u e  
m a g n i t u d e  s h o w n  i n  F i g u r e s  4 .5  a n d  4 . 6 . T h e s e  i n d i c a t e  e x a c t  a g r e e m e n t  
w i t h  t h e  t h e o r y .
T h e  t h r e e  f l u x  l i n k a g e  p l o t s  s h o w  v e r y  s i m i l a r  t i m e  r e s p o n s e s  t o  e a c h  
o t h e r .  H o w e v e r  e a c h  h a s  a  s l i g h t l y  d i f f e r e n t  p h a s e  r e s p o n s e  d u e  t o  t h e  
e f f e c t  o f  t h e  s m a l l  l e a k a g e  c o e f f i c i e n t s  w h i c h  s e p a r a t e  t h e  t h r e e  f l u x
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l in k a g e s  b y  d e f i n i t i o n  (C h a p te r  2 , s e c t i o n  2 . 2 . 4 ) .  T h is  c a n  a ls o  be  
o b s e rv e d  i n  t h e i r  s l i g h t l y  d i f f e r i n g  m a g n itu d e s  a s  p r e d i c t e d  e a r l i e r ,  
w i t h  th e  s t a t o r  f l u x  l in k a g e  b e in g  l a r g e r  th a n  th e  a i r  g a p  f l u x  
l in k a g e ,  w h ic h  i s  l a r g e r  th a n  th e  r o t o r  f l u x  l in k a g e  ( u n d e r  m o to r in g  
c o n d i t i o n s ) .
F rom  th e  s i m u la t io n  an d  t h e o r e t i c a l  a n a l y s is  i t  c a n  b e  o b s e rv e d  t h a t  
f o r  t h i s  o p e r a t in g  p o i n t ,  e v e n  th o u g h  th e  r a t e d  s t a t o r  c u r r e n t  space 
vector’s ( i  ) m a g n itu d e  i s  b e in g  a p p l ie d  t o  th e  m a c h in e , o p e r a t io n  a t*“S
in c r e a s e d  s l i p  f r e q u e n c y  re d u c e s  th e  e l e c t r i c a l  t o r q u e  m a g n itu d e ,  a s  
th e  f l u x  m a g n itu d e  i s  re d u c e d ,  e v e n  th o u g h  th e  t o r q u e  a n g le  ( 5 )  
in c r e a s e s .  I n  th e  r e a l  m a c h in e  f l u x  s a t u r a t i o n  w o u ld  l i m i t  th e  
p h y s i c a l  to r q u e  an d  f l u x  m a g n itu d e s .
A m o re  p r a c t i c a l  o p e r a t in g  p o i n t  w as a ls o  c h o s e n  a n d  s im u la t e d ,  f o r  
c o m p a r is o n  l a t e r  w i t h  vector control. T h is  i n v o lv e s  t h e  r a t e d  
m a g n itu d e  s t a t o r  c u r r e n t  space vector b e in g  s te p p e d  f r o m  100 % t o  101 
% a n g u la r  f r e q u e n c y  ( a t  t  =  2 . 5  s e c o n d s ) ,  w i t h  a n  i n i t i a l  s h a f t  s p e e d  
o f  0 .9 8 2  r a t e d .  T h is  c o r r e s p o n d s  t o  a s te p  i n  s l i p  f r e q u e n c y  f r o m  0 .5  
t o  0 .7 8  r a t e d .
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The e l e c t r i c a l  t o r q u e  m a g n itu d e  (M ) t im e  re s p o n s e  i s  show n i n  F ig u r e
E
4 . 12.
The e ig e n - v a lu e s  p r e d i c t  th e  e x p o n e n t ia l  d e c a y  t im e  c o n s ta n t  t o  be  218  
ms an d  th e  o s c i l l a t i o n  f r e q u e n c y  ( p e r io d )  t o  be  1 .4  Hz (7 1 4  m s ). The 
s im u la t io n s  show ed th e  c o r r e c t  t im e  c o n s ta n t ,  an d  b y  c a r e f u l  a n a l y s is  
( e s p e c i a l l y  o f  th e  t o r q u e  a n g le  a n d  e l e c t r i c a l  t o r q u e  m a g n itu d e
r e s p o n s e s )  th e  c o r r e c t  o s c i l l a t i o n  f r e q u e n c y  (w h ic h  i s  d e c a y in g
q u i c k l y ) .
The s i m u la t io n  show ed  th e  to r q u e  a n d  f l u x  l in k a g e  t o  b e  l a r g e r  th a n  
r a t e d ,  a nd  t o  d e c re a s e  a s  th e  s l i p  f r e q u e n c y  i s  in c r e a s e d ,  a s
p r e d i c t e d  b y  e q u a t io n  4 . 9 .  I n  th e  r e a l  m a c h in e  t h e  f l u x  w o u ld  a g a in  
s a t u r a t e ,  t h e r e f o r e  l i m i t i n g  th e  p h y s i c a l  t o r q u e  a n d  f l u x / f l u x  l in k a g e  
m a g n itu d e s .
4 . 3 . 1 . 2  schem e ( i i )
T he  s e c o n d  to r q u e  c o n t r o l  schem e (schem e  i i ) ,  r e p r e s e n t s  a s te p
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in c r e a s e  i n  s t a t o r  c u r r e n t  space vector m a g n itu d e ,  w h i l s t
m a in t a in in g  th e  to r q u e  a n g le  ( 5 )  c o n s ta n t .
To d e m o n s t ra te  t h i s ,  th e  s l i p  f r e q u e n c y  i s  m a in ta in e d  c o n s ta n t  a t  h a l f  
r a t e d ,  an d  th e  s t a t o r  c u r r e n t  space vector m a g n itu d e  s te p  in c r e a s e d  
f r o m  0 .5  t o  0 .7 7  t im e s  r a t e d  a t  t  =  2 .5  s e c o n d s  ( u n d e r  r a t e d  s t a t o r  
c u r r e n t  space vector a n g u la r  f r e q u e n c y ) .
F ig u r e  4 .1 5  show s th e  s im u la t e d  e l e c t r i c a l  to r q u e  m a g n itu d e  (Me ) .
The  e ig e n - v a lu e s  p r e d i c t  th e  t im e  c o n s ta n t  t o  be  2 1 8  ms, an d  th e  
f r e q u e n c y  ( p e r io d )  o f  o s c i l l a t i o n  t o  be  0 .9  Hz ( 1 .1 1  s e c o n d s ) .  The 
s i m u la t io n  show ed  th e  c o r r e c t  t im e  c o n s ta n t ,  h o w e v e r  th e  o s c i l l a t i o n  
p e r io d  c a n n o t  b e  d e te r m in e d  a s  i t  i s  m uch g r e a t e r  th a n  th e  d e c a y  t im e .  
The s i m u la t io n  show ed  t h a t  a t  t h i s  o p e r a t in g  p o i n t ,  b o th  th e  f l u x  
l in k a g e  a n d  e l e c t r i c a l  t o r q u e  m a g n itu d e  in c r e a s e  a s  p r e d i c t e d  f r o m  
e q u a t io n  4 . 9 ,  a n d  e q u a t io n  5 .5  (C h a p te r  5 ) .
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4 . 3 . 1 . 3  scheme ( i i i )
Scheme ( i i i )  c o n t r o l s  to r q u e  w i t h  t o r q u e  a n g le  ( 6 )  a n d  s t a t o r  c u r r e n t  
m a g n itu d e ,  i n  th e  c o r r e c t  r a t i o  t o  m a in t a in  th e  r o t o r  f l u x  m a g n itu d e  
c o n s ta n t .  The i n i t i a l  o p e r a t in g  p o i n t  w as a t  h a l f  t h e  r a t e d  s l i p  
f r e q u e n c y  w i t h  a s t a t o r  c u r r e n t  m a g n itu d e  o f  0 .6  r a t e d .  The  s l i p  was 
s te p p e d  t o  r a t e d ,  an d  th e  s t a t o r  c u r r e n t  m a g n itu d e  c o r r e s p o n d in g ly  
in c r e a s e d  t o  r a t e d  t o  m a in t a in  th e  f l u x  m a g n itu d e  c o n s ta n t  ( a c c o r d in g  
t o  e q u a t io n  4 . 9 ) .  T he  r o t o r  f l u x  m a g n itu d e ,  an d  th e  e l e c t r i c a l  to r q u e  
( F ig u r e  4 .1 8 )  show  th e  t y p i c a l  scalar t r a n s i e n t  a s  p r e d i c t e d ,  w i t h  a 
d e c a y  t im e  c o n s ta n t  o f  218  ms, and  a n  o s c i l l a t i o n  o f  f r e q u e n c y  
( p e r io d )  1 .8  Hz ( 0 .5 5 5  s e c o n d s ) .  T he  f l u x  m a g n itu d e  re m a in s  c o n s ta n t ,  
a nd  th e  to r q u e  r i s e s  t o  r a t e d  i n  th e  s te a d y  s t a t e .
E x a m p le s  o f  scalar c o n t r o l l e r s  i n  th e  l i t e r a t u r e  a r e  (JOETTEN 1982 , 
KAZMIERKOWSKI 1 985 , MAGG 1 9 7 1 , MOKRYTZKI 1 9 6 8 ) .
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4 . 3 . 2  v e c t o r  c o n t r o l
U n d e r vector control f o r  d y n a m ic  m a c h in e  c o n t r o l  we a r e  c o n t r o l l i n g  
th e  m a g n itu d e  an d  p h a s e  o f  th e  s t a t o r  c u r r e n t  space vector w i t h  
r e s p e c t  t o  th e  r o t o r  f l u x  space vector, and  we a r e  th u s  c o n t r o l l i n g  
th e  in s ta n ta n e o u s  s l i p  f r e q u e n c y / t o r q u e  a n g le .  T he  f o l l o w i n g  
s im u la t io n  r e s u l t s  a r e  f o r  th e  d y n a m ic  c u r r e n t  f e d  i n d u c t i o n  m a c h in e  
e q u a t io n s  i n  th e  r o t a t i n g  r o t o r  f l u x  space vector r e f e r e n c e  f ra m e  
( C h a p te r  2 , s e c t i o n  2 . 3 . 6 ) ,  w i t h  th e  s t a t o r  c u r r e n t  space vector 
d i r e c t  ( i  ) and  q u a d r a t u r e  ( i  ) c o m p o n e n ts  i n  t h e  r o t o r  f l u xSD SQ
r e f e r e n c e  f ra m e  b e in g  c o n t r o l l e d  t o  r e p r e s e n t  th e  t h r e e  t o r q u e  c o n t r o l
sch e m e s . B y c o n t r o l l i n g  th e  s t a t o r  c u r r e n t  space vector w i t h  r e s p e c t
t o  th e  p h y s ic a l  r o t o r  f l u x  space vector, t r a n s i e n t l y  th e  p h a s e
co m p o n e n t o f  th e  t r a n s i e n t  te r m  ( e q u a t io n  4 . 4 )  i s  a lw a y s  z e r o .  H ence
no  t r a n s i e n t  s l i p  f r e q u e n c y  to r q u e  o s c i l l a t i o n  w i l l  o c c u r .  H o w e ve r a
f l u x  m a g n itu d e  ch a n g e  w i l l  s t i l l  r e s u l t  i n  a t r a n s i e n t  t o r q u e  re s p o n s e
g iv e n  b y  th e  m a g n itu d e  co m p o n e n t o f  th e  r o t o r  f l u x  t r a n s i e n t  te rm  
- t / T
R
(e  ) ,  i . e .  a t im e  c o n s ta n t  d e f in e d  b y  th e  m a c h in e  r o t o r  t im e  
c o n s ta n t .
4 . 3 . 2 . 1  schem e ( i )
I n  t h i s  vector schem e th e  s t a t o r  c u r r e n t  space vector i s  m a in ta in e d  
c o n s ta n t ,  and  th e  to r q u e  c o n t r o l l e d  f r o m  th e  to r q u e  a n g le  ( 6 )  an d  th e  
r o t o r  f l u x  space vector m a g n itu d e .  The  s t a t o r  c u r r e n t  space vector i s  
c o n t r o l l e d  i n  m a g n itu d e  a n d  p h a s e  w i t h  r e s p e c t  t o  t h e  r o t o r  f l u x  space 
vector . To co m p a re  d i r e c t l y  th e  scalar an d  vector c o n t r o l  schem e ( i ) ,  
t h e  same to r q u e  c o n t r o l  dem and w as s im u la t e d  a s  w as a p p l ie d  f o r  th e  
s e c o n d  scalar schem e o f  s e c t i o n  4 . 3 . 1 . 1 .
F ig u r e s  4 .1 9 ,  an d  4 .2 1  show  th e  r o t o r  f l u x  l in k a g e  space vector 
m a g n itu d e  a nd  e l e c t r i c a l  t o r q u e  m a g n itu d e  re s p o n s e s .  T h e s e  d e m o n s t r a te  
t h e  i d e n t i c a l  s te a d y  s t a t e  p e r fo rm a n c e  o f  th e  scalar a n d  vector 
sch e m e s . U n d e r vector control t h e r e  i s  no  t r a n s i e n t  o s c i l l a t i o n  a t  th e  
s l i p  f r e q u e n c y ,  b u t  b o th  h a v e  th e  same t r a n s i e n t  m a g n itu d e  r i s e / f a l l  
t im e s  a s  p r e d ic t e d .  T h e re  i s  a m in o r  d is c r e p a n c y  i n  m a g n itu d e s ,  s in c e  
i n  t h e  vector s im u la t io n ,  th e  i n i t i a l  a n d  f i n a l  s l i p  f r e q u e n c ie s  w e re
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ro u n d e d  up/dow n t o  two d e c im a l  p l a c e s  o n ly .
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4 . 3 . 2 . 2  scheme ( i i )
Scheme ( i i )  r e p r e s e n t s  a s te p  in c r e a s e  i n  th e  s t a t o r  c u r r e n t  space 
vector ( i g ) m a g n itu d e ,  w h i l s t  m a in t a in in g  th e  t o r q u e  a n g le  ( 6 )  
c o n s ta n t .  T h is  i s  t r a n s i e n t l y  p o s s ib le  w i t h  vector control, s in c e  th e  
s t a t o r  c u r r e n t  space vector i s  c o n t r o l l e d  w i t h  r e s p e c t  t o  th e  r o t o r  
f l u x  space vector.
F ig u r e  4 .2 4  show s th e  e l e c t r i c a l  t o r q u e  m a g n itu d e  re s p o n s e s ,  f o r  an  
i d e n t i c a l  to r q u e  c o n t r o l  t o  th e  scalar schem e o f  s e c t i o n  4 . 3 . 1 . 2 .  
A g a in  th e s e  d e m o n s t ra te  i d e n t i c a l  s te a d y  s t a t e  p e r fo rm a n c e  o f  th e  
scalar and  vector sch e m e s, b u t  th e  vector r e s p o n s e  h a s  n o  t r a n s i e n t  
o s c i l l a t i o n  c o m p o n e n t.
A g a in  t h e r e  i s  a m in o r  d is c r e p a n c y  i n  th e  m a g n itu d e ,  d u e  t o  r o u n d in g  
th e  s l i p  t o  tw o  d e c im a l p la c e s  o n ly  i n  th e  vector s im u la t io n s .
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4 . 3 . 2 . 3  scheme ( i i i )
D y n a m ic a l ly  schem e ( i i i )  r e p r e s e n t s  th e  i d e a l  to r q u e  p e r fo rm a n c e  
a c h ie v a b le ,  b y  m a in t a in in g  th e  f l u x  m a g n itu d e  c o n s ta n t ,  a nd  
c o n t r o l l i n g  th e  s t a t o r  c u r r e n t  m a g n itu d e  and  p h a s e  w i t h  r e s p e c t  t o  th e  
f l u x  s p a c e  vector .
F ig u r e  4 .2 7  show s th e  e l e c t r i c a l  t o r q u e  m a g n itu d e  re s p o n s e , f o r  a 
t o r q u e  c o n t r o l  schem e I d e n t i c a l  t o  t h a t  o f  s e c t i o n  4 . 3 . 1 . 3 .  The f l u x  
l in k a g e  m a g n itu d e  re m a in s  c o n s ta n t ,  an d  a n  i d e a l  to r q u e  re s p o n s e  i s  
o b ta in e d .  U n d e r s te a d y  s t a t e  c o n d i t i o n s  th e  p e r fo rm a n c e s  o f  th e  scalar 
an d  vector schem es a r e  i d e n t i c a l .
E x a m p le s  o f  c u r r e n t  f e d  vector controllers i n  th e  l i t e r a t u r e  a re  
(G ABR IEL 1 9 79 , 1 9 8 0 , 1982 , HARISHIMA 1984 , 1 9 8 5 , KAZMIERKOWSKI 1 9 8 6 ,
SATHIAKUMAR 1 9 8 6 ) .
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4 . 4  Open Loop Im p re s s e d  V o l ta g e  Schemes
The f o l l o w i n g  s u b  s e c t io n s  show  th e  s im u la t e d  a n d  p r e d i c t e d  re s p o n s e s  
f o r  im p re s s e d  v o l t a g e  scalar control sch e m e s, i n  th e  s y n c h r o n o u s ly  
r o t a t i n g  r e f e r e n c e  f r a m e . As w i l l  b e  d is c u s s e d  t h e r e  a r e  n o  d i r e c t l y  
c o m p a ra b le  v o l t a g e  vector control sch e m e s , w h ic h  a r e  a l l  b a s e d  o n  
c u r r e n t  im p re s s e d  schem es.
The f o l l o w i n g  r e s u l t s  a p p ly  t o  th e  7 .5  kW GEC i n d u c t i o n  m a c h in e  
(A p p e n d ix  F ) b e in g  f e d  f r o m  a t h e o r e t i c a l  v o l t a g e  s o u r c e ,  c a p a b le  o f  
im p r e s s in g  s te p  c h a n g e s  o f  s t a t o r  v o l t a g e  space vector m a g n itu d e  a nd  
p h a s e  in s t a n t a n e o u s ly .
To a c h ie v e  c o m p a ra b le  r e s u l t s ,  i d e n t i c a l  i n i t i a l  c o n d i t i o n s  w e re  
c h o s e n  a s  l i s t e d  b e lo w : -
( a )  S te a d y  s t a t e  c o n d i t i o n s  h a v e  b e e n  a c h ie v e d ,  a l l  t r a n s i e n t  
te rm s  h a v in g  d e c a y e d  t o  v e r y  s m a l l  v a lu e s  ( t h i s  i n v o lv e s  
r u n n in g  th e  s im u la t io n  f r o m  some a p p r o p r i a t e  i n i t i a l  
c o n d i t i o n s  f o r  0 .5  s e c o n d s  p r i o r  t o  t h e  to r q u e  c o n t r o l ) .
( b )  A v e r y  la r g e  i n e r t i a  h a s  b e e n  a d d e d  t o  th e  m a c h in e  s h a f t ,  t o
2
make th e  t o t a l  r o t o r  i n e r t i a  ( J )  1000  k g  m . T h is  p r e v e n t s  
s i g n i f i c a n t  r o t o r  s h a f t  sp e e d  c h a n g e s  f r o m  o c c u r r in g  d u r in g  
th e  t r a n s i e n t  t im e  i n t e r v a l .
( c )  The  m a c h in e  i s  o p e r a t in g  u n d e r  r a t e d  f l u x  ( f l u x  l in k a g e )
d e te r m in e d  b y  m a in t a in in g  th e  v o l t s - p e r - h e r t z  ( V / f )  r a t i o
V /  VC Cf)
c o n s ta n t ,  i . e .  ---------------- = 1 . 0  ( 4 . 1 3 )w /  Ci>
s so
The v o l t a g e  c o r r e s p o n d s  t o  th e  m a g n itu d e  o f  th e  s t a t o r
v o l t a g e  space vector ( V / ,  a n d  th e  f r e q u e n c y  t o  i t s  a n g u la r  
v e l o c i t y  (w g ) i n  th e  s t a t i o n a r y  r e f e r e n c e  f r a m e .
( d )  The  m a c h in e  i s  i n i t i a l l y  o p e r a t in g  a t  z e r o  s l i p  f r e q u e n c y .
N o te  t h a t  th e  s i m u la t io n  p a c k a g e  l a b e ls  th e  a x i s  t o  tw o  d e c im a l  p la c e s
o n ly  ( t r u n c a t e d ) .
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4 . 4 . 1  s c a l a r  c o n t r o l
O f th e  m any s im u la t io n s  p e r fo r m e d  an d  re s p o n s e s  p r e d i c t e d ,  tw o
o p e r a t in g  p o i n t s  w e re  c h o s e n  t o  d e m o n s t ra te  th e  w i l d l y  d i f f e r i n g
re s p o n s e s  o f  th e  scalar c o n t r o l l e d  m a c h in e . The  o p e r a t in g  p o i n t  i s
d e f in e d  a s  th e  p e r c e n ta g e  o f  th e  r a t e d  s t a t o r  s u p p ly  v o l t a g e  space
vector m a g n itu d e  (V  ) a n d  a n g u la r  f r e q u e n c y  (w  ) ,  w i t h  th e
so so
v o l t s - p e r - h e r t z  ( V / f )  r a t i o  c o n s ta n t  f o r  a g iv e n  s l i p  f r e q u e n c y .
S ta n d a r d  scalar c o n t r o l l e r s  c o n t r o l  f l u x / f l u x  l in k a g e  m a g n itu d e  u s in g  
t h e  v o l t s - p e r - h e r t z  r a t i o ,  and  th e  t o r q u e  u s in g  th e  s l i p  f r e q u e n c y  
( m a in t a in in g  th e  f l u x / f l u x  l in k a g e  c o n s ta n t  b y  a d j u s t i n g  th e  s t a t o r  
v o l t a g e  space vector m a g n i tu d e ) .
To d e m o n s t r a te  scalar in d e p e n d e n t  c o n t r o l ,  tw o  c o n t r o l  schem es h a v e  
b e e n  c h o s e n  f o r  s i m u l a t i o n / p r e d i c t i o n .  The f i r s t  d e m o n s t r a te s  f l u x  
c o n t r o l  a t  th e  1 .0  PU ( r a t e d )  o p e r a t in g  p o i n t  a nd  th e  s e c o n d  to r q u e  
c o n t r o l  a t  th e  0 .2  PU (2 0  %) o p e r a t in g  p o i n t .
4 . 4 . 1 . 1  f l u x  m a g n itu d e  c o n t r o l
F lu x  m a g n itu d e  c o n t r o l  i s  a c h ie v e d  b y  v a r y in g  th e  v o l t s - p e r - h e r t z  
( V / f )  r a t i o .  To m a in t a in  c o n s ta n t  to r q u e  th e  s l i p  f r e q u e n c y  m u s t a ls o  
b e  a d ju s te d .
W h ic h  f l u x  we w is h  t o  m a in t a in  c o n s ta n t  ( s t a t o r ,  a i r  g a p  o r  r o t o r )  
w i l l  d e p e n d  o n  th e  c o n t r o l  s t r a t e g y .  H o w e ve r th e y  w i l l  a l l  h a v e  th e  
same fo r m  o f  t r a n s i e n t  re s p o n s e . F o r  a  g e n e r a l  p u rp o s e  c o n t r o l l e r  th e  
a i r  g a p  f l u x  i s  m a in ta in e d  c o n s t a n t ,  t o  p r e v e n t  s t a t o r  o r  r o t o r  f l u x  
s a t u r a t i o n  u n d e r  m o t o r in g  o r  r e g e n e r a t in g  o p e r a t in g  c o n d i t i o n s .
F ro m  th e  t h e o r e t i c a l  a n a l y s i s  d e v e lo p e d  i n  C h a p te r  3 , th e  t r a n s i e n t  
re s p o n s e  w i l l  d e p e n d  on  th e  m a c h in e  e ig e n - v a lu e s  a t  th e  p a r t i c u l a r  
o p e r a t in g  p o i n t .  F o r  a 101 %, z e r o  s l i p  f r e q u e n c y  o p e r a t in g  p o i n t ,  th e  
m a c h in e  e ig e n - v a lu e s  i n  th e  s y n c h r o n o u s ly  r o t a t i n g  r e f e r e n c e  f r a m e  a r e  
- 5 6 . 5 3  ± j 3 0 6 . 52 a n d  - 4 5 . 4 6  ± j 7 . 5 4 .
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The r e a l  c o m p o n e n ts  c o r r e s p o n d  t o  e x p o n e n t ia l  d e c a y  t im e  c o n s ta n t s  o f
1 7 .7  ms an d  2 2 .0  ms, and  th e  im a g in a r y  c o m p o n e n ts  t o  o s c i l l a t i o n s  o f
4 8 .8  Hz ( 2 0 .5  m s) and  1 .2  Hz (8 3 3  m s) r e s p e c t i v e l y .  The  o v e r a l l  
t r a n s i e n t  re s p o n s e  w i l l  t h e r e f o r e  c o n s i s t  o f  th e  i n t e r a c t i o n  b e tw e e n  
tw o  e x p o n e n t ia l  d e c a y in g  o s c i l l a t i o n s .
To d e m o n s t ra te  f l u x  m a g n itu d e  c o n t r o l  o n ly ,  th e  s l i p  f r e q u e n c y  w as 
c h o s e n  t o  be  z e r o ,  h e n c e  th e  t o r q u e  i n  th e  s te a d y  s t a t e  w i l l  a l s o  be  
z e r o .
U s in g  th e  ACSL s im u la t io n  p a c k a g e , th e  scalar 101 % o p e r a t in g  p o i n t  
f l u x  c o n t r o l  schem e w as s im u la t e d .  The s t a t o r  v o l t a g e  space vector’s 
m a g n itu d e  w as s te p  in c r e a s e d  ( a t  t  =  0 .5  s e c o n d s )  b y  1 % o f  r a t e d  w i t h  
th e  s u p p ly  f r e q u e n c y  m a in ta in e d  c o n s ta n t ,  w i t h  z e r o  s l i p  f r e q u e n c y .  
T h is  c o r r e s p o n d s  t o  a 1 % in c r e a s e  i n  s t a t o r  f l u x  m a g n itu d e  ( i g n o r i n g  
th e  s t a t o r  r e s i s t a n c e ) .
76
The r o t o r  f l u x  l in k a g e  space vector (0 R) m a g n itu d e  t im e  re s p o n s e  
( F ig u r e  4 .3 6 )  show s th e  s te a d y  s t a t e  f l u x  l in k a g e  t o  h a v e  in c r e a s e d  b y
1 .0 1  %, and  th e  t im e  f o r  th e  t r a n s i e n t  t o  d e c a y  a g re e s  w i t h  th e  
lo n g e s t  p r e d ic t e d  d e c a y  t im e  c o n s ta n t .  The 4 8 .8  Hz o s c i l l a t i o n  c a n  be 
s e e n  i n  b o th  th e  to r q u e  a n g le  and  th e  e l e c t r i c a l  t o r q u e  m a g n itu d e  
( F ig u r e  4 .3 8 )  t im e  re s p o n s e s ,  w h i l s t  th e  1 .2  Hz c o m p o n e n t c a n n o t be 
o b s e rv e d  d u e  t o  i t s  lo n g  p e r io d  w i t h  r e s p e c t  t o  th e  d e c a y  t im e .
4 . 4 . 1 . 2  t o r q u e  c o n t r o l
Scalar t o r q u e  c o n t r o l  schem es c o n t r o l  t o r q u e  w i t h  s l i p  f r e q u e n c y ,  
w h i l s t  m a in t a in in g  t h e  f l u x  l in k a g e  m a g n itu d e  c o n s t a n t .  T he  s l i p  i s  
c o n t r o l l e d  b y  th e  s t a t o r  v o l t a g e  space vector a n g u la r  f r e q u e n c y ,  an d  
t h e  f l u x  m a g n itu d e  b y  t h e  v o l t s - p e r - h e r t z  ( V / f )  r a t i o .
T he  s i m u la t io n  d e m o n s t r a te s  a s te p  to r q u e  in c r e a s e  a t  th e  21 %
o p e r a t in g  p o i n t ,  i n  w h ic h  t h e  s t a t o r  v o l t a g e  space vector’s (V ^ ) 
m a g n itu d e  an d  a n g u la r  f r e q u e n c y  a r e  s te p  in c r e a s e d  b y  1 % o f  r a t e d .  
T h is  m a in t a in s  th e  s t a t o r  f l u x / f l u x  l in k a g e  dem and c o n s t a n t  a n d  s te p
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in c r e a s e s  th e  s l i p  f r e q u e n c y  b y  27  % o f  r a t e d .  U n d e r s te a d y  s t a t e  
o p e r a t io n  a s s u m in g  to r q u e  t o  be  p r o p o r t i o n a l  t o  s l i p  f r e q u e n c y  
(C h a p te r  2, s e c t io n  2 . 5 )  t h i s  r e l a t e s  t o  a dem and o f  27  % o f  r a t e d  
to r q u e .
C a lc u l a t i o n  o f  th e  new m a c h in e  e ig e n - v a lu e s  i n  th e  s y n c h r o n o u s ly
r o t a t i n g  r e f e r e n c e  fr a m e  a t  th e  21 % o p e r a t in g  p o i n t  w i t h  27  % o f
r a t e d  s l i p ,  r e v e a ls  th e m  t o  be  - 8 8 . 0 7  ± j 3 9 . 02  a n d  - 1 3 .9 1  ± j3 0 . 0 9 .
T h e se  c o r r e s p o n d  t o  1 1 .4  ms, 6 .2 1  Hz (1 6 1  m s) a n d  7 1 .9  ms, 4 .7 9  Hz
(2 0 9  m s ). F ig u r e  4 .3 9  show s th e  5 .0 8  % d ro p  i n  r o t o r  f l u x  l in k a g e ,  and  
F ig u r e  4 .4 0  th e  2 9 .7 1  % o f  r a t e d  in c r e a s e  o f  e l e c t r i c a l  t o r q u e .
C a r e f u l  a n a ly s is  show s a g re e m e n t w i t h  th e  p r e d i c t e d  s lo w e r  d e c a y in g  
t r a n s i e n t .
E x a m p le s  o f  scalar v o l t a g e  c o n t r o l l e r s  i n  th e  l i t e r a t u r e  a re  
( KAZMIERK0WSKI 1 9 83 , SATHIKUMAR 1 9 8 5 ) .
F IG  4 . 3 9  SIM ULATED VOLTAGE SCALAR TORQUE CONTROL ( 0 . 2  PU)
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4 . 4 . 2  v e c t o r  c o n t r o l
U n l i k e  scalar c o n t r o l ,  t h e r e  i s  no  d i r e c t l y  a p p l i c a b le  vector control 
s t r a t e g y  f o r  th e  d y n a m ic  t o r q u e  c o n t r o l  o f  th e  v o l t a g e  im p re s s e d
m a c h in e . As e x p la in e d  i n  C h a p te r  3 , th e  e x a c t  c o n t r o l  o f  t o r q u e
d e p e n d s  o n  c o n t r o l  o f  m a c h in e  c u r r e n t s  an d  f l u x e s / f l u x  l in k a g e s .  
T h e o r e t i c a l l y  c o n t r o l  o f  th e  m a c h in e  f l u x / f l u x  l in k a g e  c o u ld  be  
a c h ie v e d  b y  c o n t r o l l i n g  th e  im p re s s e d  v o l t s - s e c o n d s  space vector 
( s in c e  f l u x  = £  V d t ) .  H o w e ve r a s  d is c u s s e d  i n  s e c t i o n  4 .1  t h i s  w o u ld  
le a d  t o  a c o m p le x  c o n t r o l  schem e t o  c o m p e n s a te  f o r  th e  t r a n s i e n t
re s p o n s e  a n d  t o  a d d i t i o n a l l y  c o n t r o l  th e  c u r r e n t  space vector f r o m
th e  a p p l ie d  v o l t a g e  space vector ( f l u x  space vector) .
As w i l l  b e  d is c u s s e d  i n  C h a p te r  5 , i n  r e a l i t y  m o s t vector controlled 
m a c h in e s  a r e  f e d  f r o m  v o l t a g e  s o u rc e  i n v e r t e r s  w h ic h  a r e  c o n t r o l l e d  t o  
a c t  a s  c u r r e n t  s o u rc e s .  P r o v id e d  t h a t  th e  c o r r e c t  c u r r e n t  space vector 
i s  im p re s s e d ,  th e s e  schem es t h e o r e t i c a l l y  w i l l  h a v e  a n  i d e n t i c a l  
p e r fo rm a n c e  t o  th e  c u r r e n t  sch e m e s d is c u s s e d  i n  s e c t i o n  4 . 3 . 2 .
79
E x a m p le s  o f  v o l t a g e  vector controllers i n  th e  l i t e r a t u r e  a r e  (G ABRIEL 
1 9 7 9 , 1 9 8 0 , 1 9 8 2 , HARISHIM A 1 9 8 4 , 1 9 8 5 , KAZMIERKOWSKI 1 9 8 6 , O H N ISHI
1 9 8 5 ) .
4 .5  Sum m ary
S im u la t io n  s o lv e s  th e  m a c h in e  a n d  lo a d  d i f f e r e n t i a l  e q u a t io n s  
n u m e r ic a l l y ,  a n d  i s  v a l i d  f o r  b o th  la r g e  a nd  s m a l l  d i s t u r b a n c e s ,  w h ic h  
i n c lu d e  t r a n s i e n t  s h a f t  s p e e d  v a r i a t i o n .  The r e s u l t s  i n  t h i s  C h a p te r  
f o r  la r g e  r o t o r  i n e r t i a  d e m o n s t r a te  th e  t r a n s i e n t  re s p o n s e s  p r e d i c t e d  
f r o m  th e  t h e o r e t i c a l  a n a ly s is  o f  C h a p te r  3 . The r e s u l t s  h o w e v e r a re  
t h e o r e t i c a l ,  an d  do  n o t  in c lu d e  th e  r e a l  p h y s ic a l  m a c h in e  l i m i t a t i o n s  
o f  s a t u r a t i o n ,  v a r i a t i o n  o f  m a c h in e  p a ra m e te rs  an d  l i m i t e d  v o l t a g e  and  
c u r r e n t  s o u rc e s ,  a l t h o u g h  th e s e  c o u ld  a d d i t i o n a l l y  b e  m o d e l le d  an d  
s im u la t e d .
C lo s e d  lo o p  scalar c o n t r o l l e r s  a r e  u n a b le  t o  c o m p e n s a te  f o r  th e  
t r a n s i e n t  t im e  c o n s ta n t  an d  to r q u e  o s c i l l a t i o n ,  a n d  so  h a v e  a p o o r  
d y n a m ic  p e r fo rm a n c e  (CORNELL 1 9 7 7 , STEFANOVIC 1 9 7 5 , 1 9 7 6 ) .
A c o n t r o l  schem e kn ow n  a s  a n g le  c o n t r o l  h a s  b e e n  d e v e lo p e d  
(KAZMIERKOWSKI 1 9 8 3 , PLUNKETT 1 9 7 7 ) w h e re  a n  a d d i t i o n a l  c o n t r o l  lo o p  
o f  to r q u e  a n g le  ( 6 )  i s  p r o v id e d  o v e r  th e  s l i p  f r e q u e n c y  c o n t r o l  lo o p .  
T h is  schem e g iv e s  a som ew ha t im p ro v e d  to r q u e  re s p o n s e  b y  r o t a t i n g  th e  
s t a t o r  c u r r e n t  space vector t r a n s i e n t l y ,  b u t  th e  p e r fo rm a n c e  i s  s t i l l  
i n f e r i o r  t o  vector control b e c a u s e  th e  t r a n s ie n t  p h a s e  te r m  may n o t  be  
e x a c t l y  c a n c e l le d .
T h e re  a r e  n o  d i r e c t l y  a p p l i c a b le  vector control a lg o r i t h m s  f o r  th e  
v o l t a g e  fe d  m a c h in e , o n ly  f o r  t h e  c u r r e n t  f e d  m a c h in e . C lo s e d  lo o p  
vector control r e q u i r e s  m e a s u re m e n t o r  e s t im a t io n  o f  t h e  m a c h in e  f l u x  
l in k a g e  space vector , an d  e l im in a t e s  th e  o s c i l l a t o r y  c o m p o n e n t o f  th e  
t r a n s i e n t  re s p o n s e . U n d e r c o n s ta n t  m a c h in e  f l u x  o p e r a t io n  th e  i d e a l  
t r a n s i e n t  f r e e  s te p  t o r q u e  re s p o n s e  c a n  be  a c h ie v e d .
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5 IMPLEMENTATION OF VECTOR CONTROL
The p r a c t i c a l i t i e s  o f  im p le m e n t in g  a  direct o r  indirect vector 
controller a r e  i n v e s t i g a t e d ,  an d  i n  p a r t i c u l a r  th e  g e n e r a t io n  o f  th e  
r o t a t i n g  f l u x  space vector r e f e r e n c e  fr a m e . The p a r a m e te r  s e n s i t i v i t y  
a n d  m e a s u re m e n t a c c u r a c y  o f  th e  direct m o d e l a p p ro a c h  i s  f u l l y  
a n a ly s e d .  D i g i t a l  im p le m e n ta t io n  i s  show n t o  b e  n e c e s s a r y  an d  th e  
a s p e c t  o f  c o n t r o l l i n g  a  v o l t a g e  s o u rc e  i n v e r t e r  (V S I)  t o  p r o v id e  th e  
dem anded c u r r e n t  space vector d is c u s s e d .
5 .1  W h ic h  R e fe re n c e  F ram e?
As we h a v e  d is c o v e r e d ,  th e  p h y s ic a l  p ro c e s s  o f  e l e c t r i c a l  t o r q u e  
p r o d u c t io n  c a n  be  r e p r e s e n te d  b y  th e  i n t e r a c t i o n  b e tw e e n  c u r r e n t  a nd  
f l u x / f l u x  l in k a g e  space vectors i n s id e  th e  m a c h in e  (C h a p te r  2 ) .  We 
h a v e  a ls o  s e e n  t h a t  f o r  d y n a m ic  to r q u e  c o n t r o l  th e  m o s t s im p le  c o n t r o l  
schem e m a in ta in s  t h e  f l u x  space vector m a g n itu d e  c o n s ta n t ,  and  
c o n t r o l s  to r q u e  w i t h  th e  s t a t o r  c u r r e n t  space vector m a g n itu d e  an d  
p h a s e  r e l a t i v e  t o  th e  f l u x  l in k a g e  space vector.
S in c e  we a re  c o n t r o l l i n g  th e  s t a t o r  c u r r e n t  space vector w i t h  r e s p e c t  
t o  th e  f l u x  l in k a g e  space vector, a n  a p p r o p r ia t e  c o n t r o l  r e f e r e n c e  
f r a m e  w o u ld  be  t h a t  f i x e d  t o  th e  s y n c h r o n o u s ly  r o t a t i n g  f l u x  l in k a g e  
space vector. A ny  space vectors r e f e r e n c e d  t o  t h i s  f r a m e  w o u ld  th u s  be  
s p l i t  i n t o  t h e i r  d i r e c t  (X q ) a n d  q u a d r a t u r e  (X Q) c o m p o n e n ts . T h is  i s  
show n  i n  F ig u r e  5 .1 .  T h is  w o u ld  s i m p l i f y  th e  c o n t r o l  p r o c e s s ,  s in c e  i n  
t h e  s te a d y  s t a t e  a l l  v a r i a b le s  w o u ld  be  n e a r  DC q u a n t i t i e s ,  r a t h e r  
th a n  a p p r o a c h in g  t h a t  o f  th e  s y n c h ro n o u s  f r e q u e n c y  i n  a s t a t i o n a r y  
r e f e r e n c e  f r a m e .  H ence  a  s y n c h r o n o u s ly  r o t a t i n g  r e f e r e n c e  f r a m e  
e n a b le s  th e  c o n t r o l l e r  t o  h a v e  a lo w e r  b a n d w id th  ( w h ic h  h a s  d i g i t a l  
im p le m e n ta t io n  a d v a n ta g e s ) .
N o te  f r o m  F ig u r e  5 . 1 we c a n  se e  t h a t  a l t h o u g h  o u r  c o n t r o l l e r  and  
i n d u c t i o n  m a c h in e  m o d e l c a n  w o rk  i n  a n y  d e s i r e d  r e f e r e n c e  f r a m e ,  th e  
c o n v e r t e r  a lw a y s  o p e r a t e s  i n  th e  s t a t i o n a r y  ( s t a t o r )  r e f e r e n c e  f r a m e ,
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and  so  c o o r d i n a t e  t r a n s f o r m a t i o n  w i l l  a lw a y s  be n e c e s s a r y .
F IG  5.1 S Y S T E M  I M P L E M E N T A T I O N  O F  R E F E R E N C E  F R A M E S
R E F E R E N C E  F R A M E  F E E D B A C K
R O T A T I N G  S T A T I O N A R Y  R O T A T I N G
-I,..,.— i »    . >  -  »
R E F E R E N C E  F R A M E  R E F E R E N C E  F R A M E  R E F E R E N C E  F R A M E
The c h o ic e  b e tw e e n  w h ic h  f l u x / f l u x  l in k a g e  space vector r e f e r e n c e  
f r a m e  t o  c h o o s e  ( s t a t o r ,  a i r  g a p  o r  r o t o r )  h a s  b e e n  a d d re s s e d  (BAUSCH 
1 9 8 5 , DE DONCKER 1 9 8 8 , FLUGEL 1 9 8 3 , HO 1 9 88 , MAGUREANU 1 9 8 6 , XU 1 9 8 8 ) .  
B y  e x a m in in g  th e  s t a t o r  c u r r e n t  im p re s s e d  i n d u c t i o n  m a c h in e  r o t a t i n g  
r e f e r e n c e  fr a m e  e q u a t io n s  a n d  m o d e ls  g iv e n  i n  C h a p te r  2 ( s e c t io n  2 . 3 ) ,  
we c a n  o b s e rv e  t h a t  th e  r o t o r  f l u x  l in k a g e  m o d e l h a s  t h e  b e s t  c o n t r o l  
a t t r i b u t e s ,  th e  m o s t im p o r t a n t  o f  th e s e  b e in g  a  s im p le  d e c o u p le d  
n a t u r e  ( C h a p te r  2 , e q u a t io n s  2 .2 7  a n d  2 .2 8  a n d  F ig u r e  2 . 1 1 ) .
P r o v id in g  t h e  r o t o r  f l u x / f l u x  l in k a g e  s p a c e  vector m a g n itu d e  (ip ) i s
RD
h e ld  c o n s ta n t  (w h ic h  i s  c o n t r o l l e d  u s in g  t h e  d i r e c t  c o m p o n e n t o f  th e  
s t a t o r  c u r r e n t  space vector i gD)» th e n  th e  to r q u e  (M£ ) c a n  be  
c o n t r o l l e d  d i r e c t l y  u s in g  t h e  q u a d r a t u r e  c o m p o n e n t o f  th e  s t a t o r  
c u r r e n t  space vector i  . T h is  d e f in e s  t h e  in s ta n ta n e o u s  s l i p  
f r e q u e n c y  ( t o r q u e  a n g le ) ,  w h ic h  i s  p r o p o r t i o n a l  t o  th e  t o r q u e .  T h is
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r e p r e s e n t a t i o n  g r e a t l y  s i m p l i f i e s  th e  c u r r e n t  im p re s s e d  i n d u c t i o n
m a c h in e  c o n t r o l ,  m a k in g  i t  a n a lo g o u s  t o  th e  s e p a r a t e ly  e x c i t e d  DC
m a c h in e , th u s  a l l o w in g  d e c o u p le d  c o n t r o l  o f  f l u x  l in k a g e  m a g n itu d e
( f i e l d  c u r r e n t  = i  ) a n d  to r q u e  ( w i t h  a rm a tu re  c u r r e n t  = i  ) .  As iSD SQ SD
a n d  i sQ w i l l  be  DC q u a n t i t i e s  i n  th e  s te a d y  s t a t e ,  s ta n d a r d  s e p a r a t e ly  
e x c i t e d  DC m a c h in e  c o n t r o l  t e c h n iq u e s / a lg o r i t h m s  c a n  be  m apped 
d i r e c t l y  i n t o  vector controlled i n d u c t i o n  m a c h in e  c o n t r o l l e r s  (s e e  
s e c t i o n  5 . 6 ) .
A s e c o n d  a d v a n ta g e  s h a re d  b y  t h e  r o t o r  a n d  a i r  g a p  f l u x  l in k a g e  
c u r r e n t  m o d e ls  i s  a  re d u c e d  d e p e n d e n c e  o n  k n o w le d g e  o f  th e  m a c h in e  
p a r a m e te r s  ( s e c t io n  5 . 3 ) .  T o g e th e r  th e s e  a d v a n ta g e s  mean t h a t  m o s t 
p r e s e n t  d a y  vector controllers u s e  t h e  r o t o r  f l u x  l in k a g e  r e f e r e n c e  
f r a m e .
The  c o n t r o l  schem e c a n  be  e x e c u te d  i n  th e  s t a t i o n a r y  r e f e r e n c e  fr a m e , 
w hen  i t  i s  te rm e d  th e  F i e l d  A c c e le r a t i o n  M e th o d  (FAM) o f  vector 
control (ALASHAB 1 9 8 5 , HIROSE 1 9 8 4 , KAWAMURA 1 9 8 3 ) .
5 .2  G e n e r a t io n  O f R e fe re n c e  F ra m e s
I n  o r d e r  f o r  vector control t o  w o rk  s u c c e s s f u l l y  we m u s t h a v e  up  t o  
d a te  i n f o r m a t i o n  o n  th e  p o s i t i o n  a n d  m a g n itu d e  o f  th e  a p p r o p r ia t e  f l u x  
l in k a g e  space vector i n s id e  th e  m a c h in e . Two g e n e r a l  schem es h a v e  
e v o lv e d ,  e n t i t l e d  th e  direct an d  indirect m e th o d  r e s p e c t i v e l y .
The direct m e th o d  i s  a f l u x  fe e d b a c k  schem e, w i t h  th e  f l u x  e i t h e r  
d i r e c t l y  m e a s u re d  u s in g  H a l l  p ro b e s  o r  s e a rc h  c o i l s  o r  e s t im a t e d  u s in g  
t h e  d y n a m ic  m o d e ls  o f  C h a p te r  2 . The fo r m e r  h a s  b e e n  d is c u s s e d  b y  
BLASCHKE 1 972 , FLOTTER 1 9 7 2 , GABRIEL 1 9 80 , 1 9 8 2 , ZINGER 1 9 9 0 ; th e
l a t t e r  f o r  w h ic h  m e a s u re m e n ts  o f  c u r r e n t  a n d  s h a f t  p o s i t i o n / s p e e d  a re  
n e e d e d , h a s  b e e n  d e s c r ib e d  b y  GABRIEL 1 9 79 , 1980 , 1 9 8 2 , KOYAMA 1 9 86 , 
KUBO 1 9 8 5 , LEONHARD 1 974 , 1 9 8 5 , SCHUMACHER 1 9 8 2 , 1 9 8 3 , 1 9 8 5 , VERGHESE 
1 9 8 8 , WU 1988 .
The  indirect m e th o d  i s  a f l u x  fe e d  fo r w a r d  schem e (BOSE 1 9 8 6 , LORENZ 
1 9 8 6 ) ,  i n  w h ic h  th e  f l u x  l in k a g e  s p a c e  vector i s  e s t im a t e d  b y
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c a l c u l a t i o n  u t i l i s i n g  th e  m a c h in e  p a ra m e te rs  a nd  s h a f t  s p e e d / p o s i t i o n  
an d  th e  r e f e r e n c e  c u r r e n t  dem ands i n s id e  th e  c o n t r o l l e r  ( r a t h e r  th a n  
m e a s u re d  a t  th e  p h y s i c a l  m a c h in e  t e r m i n a ls ) .
The direct m e th o d s  i n v o l v i n g  H a l l  p ro b e s  o r  s e a rc h  c o i l s  w i l l  p r o v id e  
g o o d  a c c u r a c y ,  b u t  th e y  h a v e  s e v e r a l  l i m i t a t i o n s : -
a )  W h ic h  f l u x / f l u x  l in k a g e  i s  a c t u a l l y  m e a s u re d ?  The s e a rc h  
c o i l s  o r  H a l l  p ro b e s  a r e  m o u n te d  in - b e tw e e n  th e  s t a t o r  t e e t h  
( i n  th e  s l o t s )  s p a n n in g  a  c o m p le te  p o le  p i t c h .  The f l u x  
m e a s u re d  w i l l  b e  made u p  f r o m  c o m p o n e n ts  d u e  t o  th e  a i r  g a p  
a n d  s t a t o r  f l u x .
b )  The s e n s o r  o u tp u t s  m u s t be  c o r r e c t e d ,  u s in g  k n o w le d g e  o f  th e  
m a c h in e  p a r a m e te rs  an d  th e  s t a t o r  c u r r e n t  space vector, t o  
o b t a in  th e  r o t o r  f l u x  l in k a g e  space vector a c c o r d in g  t o  th e  
f o l l o w i n g  e q u a t io n s :  -
0  = ( l+ < r )0  -  i  L  <r (5 . 1 )
- R  R - A G  - S  0  R
0  = (1+cr )0  -  L  i  fo ' +O' + O ' / J  ( 5 . 2 )
—R R —S 0 —S S R S R
T h is  assum es th e  s e a rc h  c o i l  and  c u r r e n t  space vector 
r e f e r e n c e  f r a m e s  t o  be  i d e n t i c a l .
c )  A t  lo w  s p e e d s , s e a r c h  c o i l s  p r o v id e  a n  in a d e q u a te  o u t p u t ,  
p r e v e n t in g  m a c h in e  a p p l i c a t i o n s  s u c h  a s  p o s i t i o n  
s e r v o s ,  w h ic h  r e q u i r e  z e r o  s p e e d  c r o s s in g  to r q u e  c o n t r o l .
d )  The r u g g e d n e s s / r e l i a b i l i t y  a r e  u n c e r t a in  i n  th e  m a c h in e  
o p e r a t in g  e n v ir o n m e n t  ( t e m p e r a tu r e  an d  v i b r a t i o n ) .
e )  R e t r o f i t t i n g  s e a r c h  c o i l s / H a l l  p ro b e s  w o u ld  be  v e r y
e x p e n s iv e ;  a l t e r n a t i v e l y  e a c h  a p p l i c a t i o n  w o u ld  r e q u i r e  th e
u s e  o f  a b ra n d  new , s p e c ia l  m a c h in e , n o t  a n  o f f  th e  s h e l f ,
co m m o n ly  s to c k e d ,  c h e a p  s ta n d a r d  c o m p o n e n t.
I n  re s p o n s e  t o  a l l  th e s e  p ro b le m s ,  d y n a m ic  m o d e ls  u t i l i s i n g  m a c h in e  
t e r m in a l  m e a s u re m e n ts  h a v e  come t o  th e  f o r e f r o n t  f o r  th e  direct 
m e th o d . F o r  a  c u r r e n t  f e d  m a c h in e , m e a s u re m e n t o f  m a c h in e  c u r r e n t  a nd
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s h a f t  p o s i t i o n / s p e e d ,  w i t h  k n o w le d g e  o f  th e  m a c h in e  p a r a m e te r s  e n a b le s  
u s  t o  c a l c u la t e  th e  f l u x  l in k a g e  space vector (m a g n itu d e  a n d  p h a s e )  
d y n a m ic a l ly .  F rom  F ig u r e  2 .1 1 ,  C h a p te r  2 , w h e re  0  r e p r e s e n t s  th e
R D
m a g n itu d e  o f  th e  r o t o r  f l u x  l in k a g e  space vector a n d  w i t s  a n g u la r
MR
f r e q u e n c y ,  we c a n  d e r i v e  F ig u r e  5 .2 ,  w h ic h  show s th e  r o t o r  f l u x
l in k a g e  r e f e r e n c e  f ra m e  m o d e l g e n e r a te d  f r o m  th e  t h r e e  s t a t o r  c u r r e n t s
i n  th e  s t a t i o n a r y  s t a t o r  r e f e r e n c e  f ra m e  ( i  , i  . a n d  i  ) a nd  th e
S3. SD SO
s h a f t  sp e e d  (w ) .  I n  a d d i t i o n  we n e e d  o n ly  m e a s u re  tw o  o f  th e  t h r e eR
c u r r e n t s  i n  a t h r e e  w i r e  s y s te m  ( K i r c h h o f f ’ s  la w ) .  I n  t h i s  m o d e l, 0
M R
i s  th e  a n g le  b e tw e e n  th e  s t a t i o n a r y  r e f e r e n c e  f r a m e  ( a - £ )  an d  th e
r o t o r  f l u x  space vector, a n d  i s  c a l c u la t e d  b y  i n t e g r a t i o n  o f  th e  s l i p
s p e e d  (w ) and  th e  r o t o r  s h a f t  sp e e d  (w ) .  I n  f a c t  i f  we know  th e  
SL R
s h a f t  p o s i t i o n  ( e ) ,  we c a n  m is s  o u t  th e  i n t e g r a t i o n  o f  th e  s h a f t  sp e e d  
f r o m  th e  m o d e l (s e e  A p p e n d ix  E ) .
F IG  5 . 2  R O T O R  F L U X  R E F E R E N C E  F R A M E  G E N E R A T I O N
Sc
Sb
Sa
STATI ONARY C O OR D I N A T E« » < >
R E F  F R A M E  ROTATION
ROT OR F L U X
ROTATI NG R E F E R E N C E  F R A M E
T he c o o r d in a t e  t r a n s f o r m a t i o n  b e tw e e n  th e  s t a t i o n a r y  (c t -£ )  a n d  r o t o r
-  j0
MR
f l u x  r e f e r e n c e  f r a m e s  (D -Q ) i s  o b ta in e d  b y  m u l t i p l i c a t i o n  w i t h  e
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X = X C o s (0  ) + X0 S in ( 0  ) ( 5 . 3 )
D a  MR (3 MR
X = XD S in ( 0  ) -  X C o s (0  ) ( 5 . 4 )Q p  MR a  MR
The e n c o d e r  a n d  c u r r e n t  s e n s o rs  may a l r e a d y  be  p r e s e n t  i n  a c lo s e d  
lo o p  p o s i t i o n / s p e e d  s y s te m .
The  indirect m e th o d  re m o v e s  th e  n e e d  f o r  th e  c u r r e n t  s e n s o r s ,  a s s u m in g  
t h e  dem anded s t a t o r  c u r r e n t  i n s id e  th e  c o n t r o l l e r  t o  be  th e  same a s  
t h a t  a t  th e  p h y s ic a l  m a c h in e  t e r m in a ls .  T h is ,  h o w e v e r , i s  th e  m a jo r  
r e s t r i c t i o n  o f  th e  indirect m e th o d . As th e  m a c h in e  s h a f t  sp e e d
in c r e a s e s  so  d o e s  i t s  b a c k  EMF; h e n c e  w i t h  a f i x e d  DC l i n k  v o l t a g e  
c o n v e r t e r  i t  becom es i n c r e a s in g l y  d i f f i c u l t  t o  im p re s s  th e  d e s i r e d  
c u r r e n t .  W h e re a s  th e  direct m e th o d  w i l l  s t i l l  m a in t a in  a n  a c c u r a t e  a nd  
u p  t o  d a te  k n o w le d g e  o f  th e  f l u x  l in k a g e  space vector, th e  indirect 
m e th o d  w i l l  assum e th e  c u r r e n t  t o  be  a s  dem anded a n d  la r g e  e r r o r s  may 
r e s u l t  ( w h ic h  w i l l  r e s u l t  i n  th e  m a c h in e  an d  m o d e l p u l l i n g  o u t  o f  
s t e p ) .
I n  o r d e r  t o  g e n e r a te  th e  r o t a t i n g  r e f e r e n c e  fr a m e  a n d  t o  im p le m e n t 
d y n a m ic  c o n t r o l ,  w i t h  th e  r e le v a n t  c o o r d in a t e  t r a n s f o r m a t io n ,  f a s t  
d i g i t a l  c o m p u ta t io n  i s  n e c e s s a r y ,  a n a lo g u e  s y s te m s  b e in g  p ro n e  t o  
d r i f t  a n d  o f f s e t s  (C h a p te r  7 , s e c t i o n  7 . 2 . 1 ) .
W h i le  th e  direct an d  indirect fo r m s  e m p lo y in g  m a c h in e  m o d e ls  c a n  
a p p ro a c h  th e  p e r fo rm a n c e  o f  th e  p h y s ic a l  direct m e a s u re m e n t sch e m e s , 
th e  m a jo r  w e a k n e s s  o f  th e  a p p ro a c h  i s  c e n t r e d  u p o n  th e  a c c u r a c y  o f  th e  
m o d e l’ s  m a c h in e  p a r a m e te r s ,  w h ic h  a r e  d i f f i c u l t  t o  m e a s u re  a n d  w i l l  
v a r y  w i t h  te m p e r a tu r e  a n d  m a g n e t ic  s a t u r a t i o n .  T h is  w i l l  b e  d e a l t  w i t h  
i n  th e  f o l l o w i n g  s e c t io n .
5 . 3  P a ra m e te r  And M e a s u re m e n t S e n s i t i v i t y
I n  g e n e r a l  we a r e  u s in g  t h e  r o t a t i n g  f l u x  r e f e r e n c e  f r a m e  m o d e l i n s id e  
th e  c o n t r o l l e r ,  t o  a l lo w  u s  t o  dem and to r q u e  an d  f l u x  l in k a g e  space 
vector m a g n itu d e s  w i t h i n  th e  r e a l  m a c h in e  b y  c o n t r o l l i n g  th e  d i r e c t
(C h a p te r  2, s e c t i o n  2 . 3 . 1 )  w h ich  r e p r e s e n t s : -
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and  q u a d r a t u r e  component o f  t h e  im p re s s e d  s t a t o r  c u r r e n t  sp a ce  v e c to r .
To d o  t h i s  a c c u r a t e l y  r e q u i r e s  t h a t : -
a )  th e  m a c h in e  m o d e l u s e d  a c c u r a t e ly  r e p r e s e n t s  th e  i n d u c t i o n  
m a c h in e ’ s p e r fo rm a n c e  th r o u g h o u t  i t s  o p e r a t in g  ra n g e  
(C h a p te r  2 ) ,
b )  th e  c o n v e r t e r  im p re s s e s  th e  dem anded s t a t o r  c u r r e n t s  ( s t a t o r  
c u r r e n t  space vector ) o n to  th e  m a c h in e  ( s e c t io n  5 . 6 ) ,
c )  we a r e  m e a s u r in g  t h e  m a c h in e ’ s t e r m in a l  c u r r e n t s  an d  s h a f t  
s p e e d / p o s i t i o n  t o  s u f f i c i e n t  a c c u r a c y ,  a nd
d )  th e  m o d e l le d  m a c h in e  p a ra m e te rs  a r e  a n  a c c u r a t e  
r e p r e s e n t a t i o n  o f  th e  p h y s ic a l  m a c h in e ’ s p a r a m e te r s ,  
t h r o u g h - o u t  th e  o p e r a t in g  ra n g e .
A s s u m in g  th e  f i r s t  tw o  c o n d i t i o n s  t o  be  m e t, we a r e  i n t e r e s t e d  i n  th e  
s e n s i t i v i t y  o f  th e  m o d e l t o  m a c h in e  p a ra m e te r  a n d  c u r r e n t  a nd  
s p e e d / p o s i t i o n  m e a s u re m e n t e r r o r s .
5 . 3 . 1  m e a s u re m e n t s e n s i t i v i t y
B y c a r e f u l  a n a l y s i s  o f  C h a p te r  2 ( s e c t io n  2 . 3 ) ,  i t  c a n  be  s e e n  t h a t
th e  r o t o r  a n d  a i r  g a p  f l u x  l in k a g e  space vector r e f e r e n c e  f r a m e
c u r r e n t  f e d  m a c h in e  m o d e ls  n e e d  k n o w le d g e  o f  t h e  m a g n e t is in g
in d u c ta n c e  (L  ) ,  t h e  r o t o r  le a k a g e  c o e f f i c i e n t  (o' ) a n d  th e  r o t o r  
0  R
r e s i s t a n c e  (R  ) o n ly .  The s t a t o r  f l u x  m o d e l a d d i t i o n a l l y  r e q u i r e s  
k n o w le d g e  o f  th e  s t a t o r  le a k a g e  c o e f f i c i e n t  (o' ) .  As t h e  le a k a g e
c o e f f i c i e n t s  a r e  s m a l l  ( a p p r o x im a t e ly  10 % o f  t h e  m a g n e t is in g
in d u c ta n c e )  a n d  assum ed  c o n s ta n t  e x c e p t  u n d e r  la r g e  c u r r e n t s  ( IR IS A  
1 9 8 3 , 1 9 8 5 ) ,  t h e i r  e f f e c t s  w i l l  be  ig n o r e d .  The  m o s t s i g n i f i c a n t
p a r a m e te r  v a r i a t i o n s  o c c u r  w i t h  th e  r o t o r  r e s i s t a n c e  c h a n g e  w i t h  
te m p e r a tu r e  a n d  th e  m a g n e t is in g  in d u c ta n c e  c h a n g e  w i t h  s a t u r a t i o n .  A 
p r a c t i c a l  te m p e r a tu r e  e x c u r s io n  o f  th e  r o t o r  may b e  ±65  °C a b o u t  
n o m in a l,  w h ic h  w o u ld  c h a n g e  th e  r o t o r  r e s i s t a n c e  b y  ±28  %. O p e r a t io n
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n e a r  s a t u r a t i o n ,  w i t h  v a r y in g  f l u x  l e v e l s  c a n  le a d  t o  a ± 2 0  % c h a n g e  
i n  th e  m a g n e t is in g  in d u c ta n c e  o v e r  i t s  n o m in a l v a lu e  (KHATER 1 9 8 6 , 
KRISHNAN 1 984 , LORENZ 1 9 8 7 , 1 9 9 0 , MELKEBEEK 1 982 , PAGANO 1 9 8 6 ) .
The t im e  c o n s ta n t  o f  th e  te m p e r a tu r e  r i s e  i n  th e  m a c h in e  w i l l  be  o f  
th e  o r d e r  o f  t e n s  o f  s e c o n d s , b u t  th e  s a t u r a t i o n  t im e  c o n s ta n t  may 
o n l y  be  s e v e r a l  te n s  o f  m i l l i s e c o n d s  lo n g .
To k e e p  t h i s  a n a l y s is  s h o r t ,  we s h a l l  d e a l  w i t h  th e  c u r r e n t  fe d  r o t o r  
f l u x  m o d e l o n ly  i n  s te a d y  s t a t e ,  a l t h o u g h  s i m i l a r  r e s u l t s  c a n  be  
o b ta in e d  f o r  t h e  a i r  g a p  and  s t a t o r  f l u x  space vector v o l t a g e  and  
c u r r e n t  m o d e ls  (HO 1 9 88 , LORENZ 1 9 90 , XU 1 9 8 8 ) . The e s s e n t i a l  e q u a t io n  
f o r  r o t o r  f l u x  l in k a g e  i s  g iv e n  b y  e q u a t io n  3 .3 0  (C h a p te r  3 ) .
B y  c o m b in in g  C h a p te r  3 , e q u a t io n s  3 .3 0  and  3 .3 1 ,  C h a p te r  2 , e q u a t io n  
2 .3 5  and  C h a p te r  4 , e q u a t io n  4 .3 ,  th e  to r q u e  m a g n itu d e  i s  g iv e n  b y : -
Im m e d ia te ly ,  we c a n  o b s e rv e  t h a t  th e  f l u x  m a g n itu d e  s e n s i t i v i t y  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  th e  a c c u r a c y  o f  t h e  s t a t o r  c u r r e n t  
m e a s u re m e n t ( C h a p te r  3 , e q u a t io n  3 . 3 0 ) ,  an d  th e  to r q u e  m a g n itu d e  
s e n s i t i v i t y  t o  th e  s q u a re  o f  th e  a c c u r a c y  o f  t h i s  m e a s u re m e n t. W i th  
t h e  a v a i l a b i l i t y  o f  c h e a p  a n d  a c c u r a te  f l u x  b a la n c in g  H a l l  e f f e c t  
c u r r e n t  s e n s o rs  w i t h  b a n d w id th s  o f  100 kH z , lo w  c o s t  p r e c i s i o n  o p -a m p s  
a n d  h ig h  p e r fo rm a n c e  a n a lo g u e  t o  d i g i t a l  c o n v e r t e r s ,  we c a n  e a s i l y  
m e a s u re  c u r r e n t s  t o  b e t t e r  th a n  1 % a c c u r a c y  (MATSUI 1 9 8 8 ) .
F ro m  a n  a n a l y s is  o f  th e  m o d e l, th e  sum o f  s l i p  a n d  s h a f t  s p e e d s  ( o r  
s l i p  an d  s h a f t  p o s i t i o n )  g iv e s  u s  th e  r o t o r  f l u x  space vector sp e e d  
( p o s i t i o n )  ( r o t o r  f l u x  r e f e r e n c e  fr a m e  i n f o r m a t i o n ) .  I f  t h i s  w e re  n o t  
t r u e ,  th e n  th e  m a c h in e  an d  m o d e l w o u ld  p u l l - o u t  o f  s t e p .  T h u s  th e  
m o d e l i s  v e r y  s e n s i t i v e  t o  th e s e  m e a s u r e m e n ts / c a lc u la t io n s .
( 5 . 5 )
s i n c e : -
s i n ( 5 ) ( 5 . 6 )
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T he a c c u r a c y  w i t h  w h ic h  we c a n  c a lc u la t e / m e a s u r e  s l i p  f r e q u e n c y  
f u n d a m e n ta l ly  d e p e n d s  o n  th e  a c c u r a c y  w i t h  w h ic h  we c a n  m e a s u re  s h a f t  
s p e e d  ( p o s i t i o n ) .  A 1 Hz e r r o r  i n  s h a f t  sp e e d  m e a s u re m e n t w i l l  e q u a l a 
1 Hz e r r o r  i n  th e  s l i p  s p e e d . N o te  t h a t  f o r  a t y p i c a l  i n d u c t i o n  
m a c h in e , w i t h  a r a t e d  s l i p  o f  3 % o f  r a t e d  f r e q u e n c y ,  a 1 %
m e a s u re m e n t a c c u r a c y  o f  s l i p  c o r r e s p o n d s  t o  a  0 .0 3  % m e a s u re m e n t 
a c c u r a c y  o f  s h a f t  s p e e d . H ence  a l l  vector controllers u s e  e x p e n s iv e  
s h a f t  m o u n te d  e n c o d e rs ,  a n d  n o t  ta c h o m e te rs ,  t o  a c h ie v e  a c c u r a t e  
r e s u l t s .
The s e n s i t i v i t y  t o  s l i p  f r e q u e n c y  e r r o r  w i l l  be  p a r a m e te r  d e p e n d e n t,  
h o w e v e r v e r y  a p p r o x im a te ly  a  + x  % e r r o r  i n  th e  in s ta n ta n e o u s  s l i p  
f r e q u e n c y  w i l l  c o r r e s p o n d  t o  a - x  % c h a n g e  i n  f l u x  l in k a g e  m a g n itu d e  
(BAUSCH 1 9 8 2 , BOSHI 1 9 8 6 ) .  F o r  to r q u e ,  a t  lo w  s l i p  f r e q u e n c ie s  a + x  % 
c h a n g e  i n  s l i p  le a d s  t o  a p p r o x im a te ly  a + x  % c h a n g e  i n  to r q u e  
m a g n itu d e ,  h o w e v e r a t  la r g e  s l i p s  a + x  % e r r o r  w i l l  c o r r e s p o n d  t o  a - x  
% to r q u e  ch a n g e .
5 . 3 . 2  p a r a m e te r  s e n s i t i v i t y
T he  p a ra m e te r  s e n s i t i v i t y  a n a l y s is  i s  m ore  c o m p le x  du e  t o  t h e  r o t o r
r e s i s t a n c e  an d  m a g n e t is in g  in d u c ta n c e  c h a n g e s  b o th  a f f e c t i n g  th e  r o t o r
t im e  c o n s ta n t  (T r ) .  The f o l l o w i n g  a n a ly s is  i s  d e r i v e d  f r o m  th e  w o rk  o f
K r is h n a n  (KRISHNAN 1 9 8 4 ) .  L e t  u s  r e p r e s e n t  th e  m o d e l ( c o n t r o l l e r )
*
v a r i a b le s  a s  x ,  a n d  th e  p h y s ic a l  m a c h in e  v a r i a b le s  a s  x  . L e t  u s
*
assum e th e  m a c h in e  p a ra m e te rs  a r e  f i x e d  ( r e f e r e n c e )  ( x  ) ,  a nd  we s h a l l  
v a r y  th e  m o d e l’ s  p a ra m e te rs  ( x ) .
I f  we r e p r e s e n t  th e  in d u c ta n c e  c h a n g e  b y  £ , t h e n : -  
(m o d e l)  L
(3 = ----------------  = A  ( 5 -7)
(m a c h in e )  L o
w h ic h  i s  i n  th e  ra n g e  1 .2  > /3 > 0 .8  ( s e c t io n  5 . 3 . 1 ) .  S i m i l a r l y  l e t  u s  
r e p r e s e n t  th e  r o t o r  t im e  c o n s ta n t  (T r ) b y  a , th e n :  -
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(m o d e l)  T 
(m a c h in e )  T
a  =  -------------------  = - 5  ( 5 . 8 )
R
A s s u m in g  th e  r o t o r  r e s i s t a n c e  (R  ) t o  v a r y  w i t h  te m p e r a tu r e  b y  ± 3 0  %,R
a n d  t h a t  th e  r o t o r  t im e  c o n s ta n t  i s  d e p e n d e n t on  b o th  te m p e r a tu r e  
( r o t o r  r e s i s t a n c e )  a n d  s a t u r a t i o n  e f f e c t s  ( /3 ), t h e  s m a l le s t  v a lu e  o f  a 
i s  g iv e n  b y : -
aT  = T o r  a  = 0 .6 1 5  ( 5 . 9 )
R 1 .3  R
a n d  th e  l a r g e s t  v a lu e  b y : -
aT  = T o r  a  =  1 .7 1 4  ( 5 . 1 0 )
R 0 . 7  R
H ence  a  l i e s  i n  th e  ra n g e  1 .7  > a  > 0 . 6 ,  h o w e v e r  i n  p r a c t i c e  
s a t u r a t i o n  w o u ld  le a d  t o  a  te m p e r a tu r e  r i s e  w h ic h  w i l l  l i m i t  t h e  
m axim um  v a lu e  o f  a , so  we s h a l l  e x a m in e  th e  ch a n g e  f r o m  1 .5  > a  > 0 .5 .
F rom  C h a p te r  3 , e q u a t io n  3 .3 0 ,  th e  m o d e l’ s  r o t o r  f l u x  l in k a g e  space
*
vector m a g n itu d e  (1 0  I )  t o  th e  m a c h in e ’ s ( | 0  I )  i s  g iv e n  b y : -R R
£ L* | i  |' o —s
|0 r | (m o d e l)  / W j t t V 2
* *
10 | (m a c h in e )  L  | i  I- r o - s
( 5 . 1 1 )
/
2 * 2
1+w T
S L  R
=  /3 x
2 *2 
1+w T
S L  R
l +u 2 a V 2
S L  R
( 5 . 1 2 )
a n d  f r o m  e q u a t io n  5 . 5 ,  th e  m o d e l’ s  to r q u e  m a g n itu d e  (M ) t o  th e  
*  E 
m a c h in e ’ s (M ) i s  g iv e n  b y : -  
E
* *
_ £  L  w aT2 0  . . 2  . S L R1W ( J 1 3 3 ) -S . , 2 2 *2M (m o d e l)  r 1+w a  T
E S L  R
* * *M (m a c h in e )  _ L  w T
e 2 o ..2. SL R
1 I
3  U + % ) ~ S 1+W2 T * 2
S L  R
( 5 .1 3 )
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= a  (3
2 *2 
1+w T
S L  R
,  ^ 2 2 *2 1+w a  T
S L  R
(5 .1 4 )
F o r  a g iv e n  m a c h in e , s e t s  o f  c u r v e s  may be  d ra w n  f o r  b o t h  f l u x  l in k a g e  
a n d  to r q u e  f o r  v a r io u s  s l i p  f r e q u e n c ie s ,  ft a n d  a . F o r  th e  GEC m a c h in e
(A p p e n d ix  F ) f o u r  s u c h  p l o t s  a r e  show n. F ig u r e  5 . 3  show s th e
m o d e l/m a c h in e  r o t o r  f l u x  l in k a g e  space vector m a g n itu d e  a g a in s t  a , f o r  
P = 1 .0 ,  u n d e r  t h r e e  t im e s  r a t e d  s l i p  ( d o t t e d  l i n e ) ,  tw o  t im e s  r a t e d  
s l i p  (d a s h e d  l i n e )  a n d  r a t e d  s l i p  ( s o l i d  l i n e ) .  S i m i l a r l y  F ig u r e  5 . 4  
show s th e  m o d e l/m a c h in e  e l e c t r i c a l  t o r q u e  m a g n itu d e  a g a in s t  a  f o r  th e  
same c o n d i t i o n s .  F ig u r e  5 .5  show s th e  m o d e l/m a c h in e  r o t o r  f l u x  space 
vector m a g n itu d e  a g a in s t  a  f o r  r a t e d  s l i p ,  f o r  p = 1 .2  ( d o t t e d  l i n e ) ,  
p = 1 .0  (d a s h e d  l i n e )  an d  p - 0 .8  ( s o l i d  l i n e ) .  S i m i l a r l y  F ig u r e  5 .6  
show s th e  m o d e l/m a c h in e  e l e c t r i c a l  t o r q u e  m a g n itu d e  a g a in s t  a  f o r  
i d e n t i c a l  c o n d i t i o n s .  The p l o t s  a r e  a l l  show n f o r  v a r y in g  a  f r o m  0 .5
t o  1 .5  t o  show  th e  e f f e c t  o f  to o  s m a l l  and  t o o  la r g e  a m o d e l t im e
c o n s ta n t  (T  ) .
R
F ig u r e s  5 . 3  a nd  5 .4  r e p r e s e n t  c o n s ta n t  r a t e d  m a c h in e  f l u x ,  an d  show s 
th e  e f f e c t  o f  r o t o r  r e s i s t a n c e  (Rr ) v a r i a t i o n  w i t h  te m p e r a tu r e .  An 
in c r e a s e  i n  te m p e r a tu r e  w i l l  make a  > 1, w h i le  a  < 1 f o r  a d e c re a s e .  
F o r  a  < 1 th e  m o d e l r o t o r  f l u x  a n d  to r q u e  r i s e  r a p i d l y  a b o v e  th e  
m a c h in e ’ s , a n d  th e  o p p o s i t e  o c c u r s  f o r  a  > 1. F o r  a r e a l  m a c h in e , 
o p e r a t io n  w i t h  th e  m a c h in e  r o t o r  f l u x  l in k a g e  m a g n itu d e  g r e a t e r  th a n  
a p p r o x im a te ly  1 .2  t im e s  r a t e d  i s  u n l i k e l y  du e  t o  s a t u r a t i o n .
F ig u r e s  5 .5  a n d  5 .6  r e p r e s e n t  c o n s ta n t  r a t e d  s l i p  o p e r a t io n ,  an d  show  
th e  e f f e c t  o f  m a c h in e  m a g n e t is in g  in d u c ta n c e  (L q ) s a t u r a t i o n .  T he  tw o  
p l o t s  show  t h a t  s a t u r a t i o n  e f f e c t s  p ro d u c e  an  a lm o s t  c o n s ta n t  to r q u e  
a n d  f l u x  m a g n itu d e  e r r o r  o n  t o p  o f  t h e  t r e n d  f r o m  v a r y in g  a .
A l l  th e s e  r e s u l t s  r e p r e s e n t  s te a d y  s t a t e  o p e r a t io n .  T he  a m o u n t o f  f l u x
l in k a g e  an d  t o r q u e  e r r o r  w h ic h  c a n  be  t o l e r a t e d  d e p e n d s  o n  th e
a p p l i c a t i o n .  F o r  c lo s e d  lo o p  s p e e d  a n d  p o s i t i o n  s y s te m s , a n  e r r o r  i n  
to r q u e  m a g n itu d e  w o u ld  n o t  h a v e  d i s a s t r o u s  c o n s e q u e n c e s , a l t h o u g h  th e  
in c r e a s e d  m a c h in e  te m p e r a tu r e  d u e  t o  r o t o r  f l u x  l in k a g e  s a t u r a t i o n  may
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FIE 5.3 PARAMETER SENSITIVITY FOR VARIOUS SLIP FREQUENCIES
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FIG S .5 PARAMETER SENSITIVITY FOR VARIOUS LEVELS OF SATURATION
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F I G  5 . 6  P A R A M E T E R  S E N S I T I V I T Y  F O R  V A R IO U S  L E V E L S  O F S A T U R A T IO N
ALPHA
p ro d u c e  an  e v e n  h ig h e r  f l u x  (a n d  t o r q u e )  dem and a n d  s a t u r a t i o n  
( p o s i t i v e  fe e d b a c k ) .  H o w e ve r f o r  a h ig h  t o r q u e  p e r fo rm a n c e  a p p l i c a t i o n  
s u c h  a s  r o b o t i c s ,  th e  d e g ra d e d  l i n e a r i t y  o f  th e  i n p u t  o u t p u t  to r q u e  
w o u ld  make i t  u n s u i t a b le .  I n  th e  d y n a m ic  c a s e , m is m a tc h e d  m a c h in e  and  
m o d e l p a ra m e te rs  w i l l  le a d  t o  th e  t r a n s i e n t  d e c a y  a n d  o s c i l l a t o r y  
e f f e c t s  f r o m  w h ic h  scalar controllers s u f f e r  ( C h a p te r  3 / 4 )  (KRISHNAN
1 9 8 4 ) .
5 . 4 P a ra m e te r  A d a p t io n
V a r i a t i o n s  o f  th e  r e a l  m a c h in e  p a r a m e te rs  a g a in s t  th e  m o d e l’ s  c a u s e s  
d e t e r i o r a t i o n  o f  b o th  s te a d y  s t a t e  a nd  d y n a m ic  o p e r a t io n  (BAUSCH 1 985 , 
FLUGEL 1 9 8 3 , HARASHIMA 1 9 8 5 , HO 1 9 8 8 , KHATER 1 986 , KRISHNAN 1 9 8 4 , 
1 9 8 6 , NORDIN 1 985 , SUGIMOTO 1 9 8 5 , XU 1 9 8 8 ) .
P e r fo rm a n c e  d e g r a d a t io n  i s  i n  th e  fo r m  o f  i n p u t - o u t p u t  to r q u e  
n o n - l i n e a r i t y  (GARCES 1 9 8 0 , MATSUO 1 9 8 5 , NORDIN 1 9 8 5 ) ,  s a t u r a t i o n  o f  
th e  m a c h in e  (NABAE 1 9 7 8 , NORDIN 1 9 8 5 ) ,  o r  p o o r  d y n a m ic  re s p o n s e  
(LORENZ 1 9 86 , NORDIN 1 9 8 5 ) .
F rom  o u r  e a r l i e r  d is c u s s io n s ,  a n d  e q u a t io n s  5 .1 2  a nd  5 .1 4 ,  we c a n  se e  
t h a t  a ch a n g e  i n  r o t o r  r e s i s t a n c e  w i t h  te m p e r a tu r e  a f f e c t s  th e  r o t o r  
t im e  c o n s ta n t  o n ly  (a ,  an d  n o t  3 ) ,  an d  a c h a n g e  i n  th e  s a t u r a t i o n  o f  
t h e  m a g n e t is in g  in d u c ta n c e ,  a f f e c t s  b o th  th e  r o t o r  t im e  c o n s ta n t  a n d  
th e  m a g n e t is in g  in d u c ta n c e  (a  a n d  £ ) .  A c o m p le te  p a r a m e te r  a d a p t io n  
schem e w o u ld  c o m p e n s a te  f o r  b o th  t h e  s lo w  te m p e r a tu r e  e f f e c t s  a n d  th e  
v e r y  f a s t  s a t u r a t i o n  e f f e c t s .  P r a c t i c a l l y  c o m p e n s a t in g  f o r  tw o  te rm s  
o v e r  a w id e  ra n g e  o f  t im e  c o n s ta n t s  i s  c o m p le x , a n d  m o s t a d a p t io n  
s chem es fo c u s  o n  th e  r o t o r  t im e  c o n s ta n t  te m p e r a tu r e  e f f e c t  ( a )  o n ly .  
To c o m p e n s a te  f o r  th e  e f f e c t s  o f  th e  s te a d y  s t a t e  s a t u r a t i o n  g a in  
e r r o r  ( 3 )  t h e  r o t o r  t im e  c o n s ta n t  may be  a d a p te d  t o  th e  w ro n g  v a lu e ,  
d e p e n d in g  on  th e  te c h n iq u e  in v o lv e d .
An i d e a l  a d a p t io n  schem e w o u ld  a ls o  f u n c t i o n  w h i l s t  t h e  m a c h in e  w e re  
o n  l i n e ,  i n  i t s  n o rm a l o p e r a t in g  e n v ir o n m e n t ;  h o w e v e r ,  m o s t p r e s e n t  
d a y  schem es r e q u i r e  t h e  m a c h in e  t o  be  o f f  l i n e  a n d / o r  d is c o n n e c te d  
f r o m  th e  lo a d  -  a s i g n i f i c a n t  l i m i t a t i o n !
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To d a te  th e  f o l l o w i n g  s i x  schem es h a v e  b e e n  a p p l ie d  i n  th e  l i t e r a t u r e  
(KRISHNAN 1 9 8 6 ) : -
a )  R o to r  te m p e r a tu r e  m e a s u re m e n t o r  p r e d i c t i o n  -  th e  s im p le s t  
m eans t o  i d e n t i f y  a  b o th  o n  and  o f f  l i n e .  H o w e v e r, 
m e a s u re m e n t w o u ld  r e q u i r e  th e  u s e  o f  a n o n - s ta n d a r d  m a c h in e . 
R e a l t im e  c o m p le x  th e r m a l  m o d e ls  a r e  a l s o  b e in g  d e v e lo p e d  
(DE DONCKER 1 9 8 6 , GESZTI 1 9 8 6 , KRISHNAN 1 9 8 4 , MELLOR 1 9 8 5 ) .
b )  P o w e r m e a s u re m e n t. F rom  th e  m o d e l p r e d i c t  th e  r e a l  and  
im a g in a r y  p o w e r f l o w in g  i n t o  th e  m a c h in e , a n d  f r o m  th e  
m a c h in e  m e a s u re  th e  a c t u a l  r e a l  and  im a g in a r y  p o w e r. U se th e  
d i f f e r e n c e  t o  d r i v e  an  a d a p t io n  r o u t i n e  f o r  a  an d  p. A 
c o m p le x  schem e, r e q u i r i n g  a c c u r a te  m a g n itu d e  a n d  p h a s e  
m e a s u re m e n t o f  u p  t o  d a te  m a c h in e  t e r m in a l  v o l t a g e ,  an d  
k n o w le d g e  o f  th e  m a c h in e  p a ra m e te rs  ( w h ic h  y o u  a r e  t r y i n g  t o  
a d a p t )  (ABBONDANTI 1 9 7 7 , GARCES 1980 , KOYAMA 1 9 8 6 , KRISHNAN 
1985 , 1 9 8 6 , T S U JI 1 9 8 6 ) .
c )  F lu x  m e a s u re m e n t. S im i l a r  t o  b ) ,  f r o m  th e  m o d e l p r e d i c t  th e
m a c h in e  s t a t o r  o r  a i r  g a p  f l u x  l in k a g e  space vector , a n d  
co m p a re  w i t h  t h a t  c a l c u la t e d  f r o m  m e a s u re m e n ts  a t  th e  
m a c h in e  t e r m in a ls .  The  e r r o r  a g a in  d r i v e s  th e  a d a p t io n  
r o u t i n e  ( f o r  a  a n d  p). T h is  schem e i s  a ls o  c o m p le x . The 
im p le m e n ta t io n  r e q u i r e s  k n o w le d g e  o f  some o f  th e  m a c h in e  
p a ra m e te rs  (w h ic h  y o u  a r e  t r y i n g  t o  a d a p t )  (ABBONDANTI 1 9 7 7 , 
KAZMIERKOWSKI 1 9 86 , KRISHNAN 1 9 8 5 , 1 9 8 6 , LESSMEIER 1 9 8 6 ,
LORENZ 1 9 9 0 , SCHUMACHER 1 9 8 3 , 1 9 8 5 , SIVAKUMAR 1 9 8 6 , SUL
1 9 8 9 ) .
d )  O b s e rv e r  te c h n iq u e s .  U se c o m p le x  c o n t r o l  i d e n t i f i c a t i o n  
a lg o r i t h m s  o r  m o d e l r e f e r e n c e  a d a p t io n  (MRAS, MRAC) 
te c h n iq u e s .  T h e se  n e e d  a k n o w le d g e  o f  t h e  m a c h in e  
p a r a m e te r s ,  an d  a d a p t io n  i s  a s lo w  p r o c e s s  r e q u i r i n g  a  la r g e  
a m o u n t o f  c o m p u t in g  p o w e r (B E L L IN I 1 9 8 4 , CHAN 1 9 9 0 , DOTE 
1 9 7 9 , HARASHIMA 1 9 8 6 , JACKSON 1 9 88 , MURATA 1 9 9 0 , SUGIMOTO 
1 9 8 5 , UEDA 1 9 8 4 , VERGHESE 1 9 8 8 ) .
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e )  O b s e rv e  s h a f t  v e l o c i t y .  A p p ly  a  s q u a re  w ave  o f  to r q u e  
dem and, a n d  o b s e rv e  th e  m a c h in e  s h a f t  v e l o c i t y  w hen  d r i v i n g  
i n t o  a  f i x e d  i n e r t i a .  D i s t o r t i o n s  r e v e a l  th e  d i r e c t i o n  o f  
a d a p t io n .  T h is  schem e r e q u i r e s  th e  m a c h in e  t o  b e  o f f  l i n e  
an d  d is c o n n e c te d  f r o m  th e  lo a d  (LORENZ 1 9 8 6 ) .
f )  D e c o u p l in g  t e s t s .  T h e se  schem es c h e c k  f o r  a c c u r a te
d e c o u p l in g  i n  t h e  s y s te m  b y  i n j e c t i n g  s m a l l  p e r t u r b a t i o n s  
i n t o  th e  f l u x  dem and a n d  o b s e r v in g  th e  m a c h in e  to r q u e  ( v i a  
s h a f t  v e l o c i t y ) ,  t o  se e  i f  t h e y  a r e  p r e s e n t  h e r e  ( i f
d e c o u p l in g  i s  p e r f e c t ,  t h e r e  s h o u ld  be  no  d i s t u r b a n c e ) .  The 
r o t o r  t im e  c o n s ta n t  w i l l  p r e v e n t  th e  f l u x  m a g n itu d e  
p e r t u r b a t i o n s  a f f e c t i n g  th e  to r q u e .  To o b s e rv e  s u c h  s m a l l  
c h a n g e s , c o m p le x  c o r r e l a t i o n  te c h n iq u e s  m u s t b e  u s e d  (BRIGGS 
1 9 6 4 , LEONHARD 1 9 8 5 , MATSUO 1 9 8 5 ) .
An a l t e r n a t i v e  s o l u t i o n  w o u ld  be  t o  d e v e lo p  d y n a m ic  m a c h in e  m o d e ls
w h ic h  ta k e  i n t o  a c c o u n t  f r e q u e n c y ,  s a t u r a t i o n  an d  te m p e r a tu r e  e f f e c t s
(ANDRIA 1 9 8 6 , DE JONG 1 9 8 8 , L IP O  1 9 8 1 , 0 J 0  1 9 88 , PAGANO 1 9 8 6 , P IZZO
1 9 8 6 ) .
5 .5  T o rq u e  And F lu x  C o n t r o l
O p e r a t io n  i n  th e  r o t a t i n g  r o t o r  f l u x / f l u x  l in k a g e  r e f e r e n c e  f ra m e  
p r o v id e s  u s  w i t h  tw o  d e c o u p le d  DC c o n t r o l  in p u t s ,  a n a lo g o u s  t o  th e  
s e p a r a t e ly  e x c i t e d  DC m a c h in e . F o r  t h i s  m o d e l we c a n  c o n t r o l  and  
m a in t a in  th e  r o t o r  f l u x / f l u x  l in k a g e  m a g n itu d e  c o n s ta n t  w i t h  th e  
d i r e c t  c o m p o n e n t o f  s t a t o r  c u r r e n t  U  )» and  th e  t o r q u e  w i t h  th e  
q u a d r a t u r e  c o m p o n e n t a s  show n  i n  C h a p te r  2 , F ig u r e  2 .1 1 .
A s s u m in g  th e  r e f e r e n c e  s t a t o r  c u r r e n t  space vector t o  b e  im p re s s e d  on  
th e  m a c h in e  w i t h  no  d e la y ,  t h i s  vector control schem e e q u a te s  t o  an  
id e a l  m a c h in e  c o n t r o l  in n e r  lo o p  (C h a p te r  1, F ig u r e  1 , 1 ) .  P r o v id e d  th e  
f l u x / f l u x  l in k a g e  dem and re m a in s  c o n s ta n t ,  a t h e o r e t i c a l l y  i n f i n i t e  
t r a n s i e n t  f r e e  t o r q u e  b a n d w id th  i s  p o s s ib le .  U s in g  t h i s  a s  o u r  in n e r  
lo o p ,  a  s ta n d a r d  ( c l a s s i c a l )  P ID  c o n t r o l l e r  (a s  f o r  th e  DC d r i v e )  c a n  
be  u s e d  f o r  th e  o u t e r  sp e e d  a n d  p o s i t i o n  c o n t r o l  lo o p s  (LEONHARD 1 9 70 , 
LESSMEIER 1 9 8 6 , SCHAUDER 1 9 8 2 ) .
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By c o n t r o l l i n g  th e  f l u x / f l u x  l in k a g e  r e f e r e n c e  t o  th e  m a c h in e , 
o p e r a t io n  a b o v e  b a s e  sp e e d  ( i n  th e  c o n s ta n t  p o w e r r e g io n )  c a n  b e  
a c h ie v e d  b y  f i e l d  w e a k e n in g  ( c . f .  DC d r i v e s ) .  When c h a n g in g  th e  
f l u x / f l u x  l in k a g e  space vector m a g n itu d e  ( w i t h  th e  d o m in a n t  s lo w  
re s p o n s e  r e l a t e d  t o  th e  r o t o r  t im e  c o n s t a n t ) ,  th e  to r q u e  w i l l  a ls o  be  
a f f e c t e d  b y  t h i s  same c o m p o n e n t (KENNEL, JOETTEN 1 9 83 , LORENZ 1 9 9 0 ) .
F IG  5 . 7  A V E C T O R  C O N T R O L  S Y S T E M
An o v e r a l l  b lo c k  d ia g ra m  o f  a  vector controller i s  show n  i n  F ig u r e  
5 . 7 ,  w h ic h  show s th e  c o n t r o l  o f  t o r q u e  a n d  f l u x ,  a n d  i t s  p o s i t i o n  
w i t h i n  a c lo s e d  lo o p  sp e e d  a n d  p o s i t i o n  c o n t r o l l e r .
5 . 6  Im p re s s e d  C u r r e n t  Schem es
C o n s id e r a b le  s i m p l i f i c a t i o n s  i n  th e  vector control a l g o r i t h m  c a n  be  
made i f  we assum e im p re s s e d  s t a t o r  c u r r e n t  c o n t r o l .  I n  p r a c t i c e  
h o w e v e r , a  f i x e d  v o l t a g e  s o u rc e  c o n v e r t e r  i s  u s e d  t o  s u p p ly  th e
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m a c h in e , a n d  th e  v e c t o r  controller o r  c o n v e r t e r  m u s t o p e r a te  so  a s  t o  
im p re s s  th e  comm anded s t a t o r  c u r r e n t  space vector.
I n  g e n e r a l  t h e r e  a r e  f o u r  AC c u r r e n t  c o n t r o l  s t r a t e g i e s  (LORENZ
1 9 9 0 ) : -
a )  The c l a s s i c a l  s t a t i o n a r y  s t a t o r  r e f e r e n c e  p r o p o r t i o n a l  an d  
i n t e g r a l  ( P I )  c u r r e n t  c o n t r o l l e r  (BROD 1 9 8 4 , LORENZ 1 9 8 6 ) .
b )  The s y n c h ro n o u s  ( e x c i t a t i o n )  r e f e r e n c e  f r a m e  p r o p o r t i o n a l  
an d  i n t e g r a l  ( P I )  c u r r e n t  c o n t r o l l e r  (LORENZ 1 9 8 6 ) .
c )  The s t a t e  v a r i a b le ,  s y n c h ro n o u s  r e f e r e n c e  f r a m e ,  d e c o u p le d  
b a c k  EMF v o l t a g e  c o n t r o l l e r  (HARISHIM A 1 9 8 4 , HOLTZ 1 9 83 , 
1 9 88 , KAZMIERKOWSKI 1 9 8 5 , KERKMAN 1 9 9 0 , LORENZ 1 9 8 6 , O HNISHI
1 9 8 5 ) .
d )  The d e l t a  m o d u la to r  (b a n g -b a n g  o r  h y s t e r e s is )  c u r r e n t  
c o n t r o l l e r  (BOSE 1 9 9 0 , BROD 1 984 , KHERALUWALA 1 9 8 7 , LORENZ 
1 9 87 , 1 9 9 0 , RAHMAN 1 9 8 7 ) ,
The f i r s t  c o n t r o l  schem e ( a )  i s  i d e n t i c a l  t o  t h a t  u s e d  f o r  DC d r i v e s ,  
w h ic h  i s  i d e a l l y  s u i t e d  t o  th e  P I  ( p r o p o r t i o n a l  a nd  i n t e g r a l )  
c o n t r o l l e r  c h a r a c t e r i s t i c .  T he  P I  c o n t r o l l e r  h a s  t h e o r e t i c a l l y  
i n f i n i t e  g a in  a t  DC, w h ic h  d e c re a s e s  w i t h  in c r e a s in g  f r e q u e n c y .  T h is  
i s  i d e a l  f o r  DC m a c h in e s  w h ic h  h a v e  n e a r  DC c u r r e n t  q u a n t i t i e s  t o  
c o n t r o l ,  b u t  AC m a c h in e  c o n t r o l  i s  a t  th e  e x c i t a t i o n  f r e q u e n c y  w h e re  
th e  P I  g a in  i s  lo w . T h is  t y p e  o f  c o n t r o l  t h e r e f o r e  h a s  p o o r  
p e r fo rm a n c e  (LORENZ 1 9 8 6 ) .
The s e c o n d  schem e ( b )  h a s  s u p e r i o r  p e r fo rm a n c e ,  a n d  w o rk s  i n  th e  
s y n c h ro n o u s  r e f e r e n c e  f r a m e ,  w h ic h  m eans t h a t  i n  s te a d y  s t a t e  th e  
c u r r e n t  w i l l  b e  n e a r  DC, r e q u i r i n g  a  lo w  c o n t r o l  b a n d w id th .  H o w e v e r, 
i t s  im p le m e n ta t io n  i s  c o m p le x  a n d  p a ra m e te r  d e p e n d e n t (LORENZ 1 9 8 6 ) .
The t h i r d  schem e ( c )  u t i l i s e s  th e  s t a t o r  d i f f e r e n t i a l  e q u a t io n  i n  th e  
r o t a t i n g  r e f e r e n c e  f r a m e  a s  g iv e n  i n  C h a p te r  2 ( e q u a t io n  2 . 2 6 ) ,  
e x p a n d e d  h e r e : -
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W ith  a p p r o p r ia t e  k n o w le d g e  o f  th e  m a c h in e  p a ra m e te rs  an d  fe e d b a c k  f r o m  
th e  r e f e r e n c e  f ra m e  c u r r e n t  m o d e l, th e  e x a c t  s t a t o r  v o l t a g e  space 
vector c a n  be  c a l c u la t e d  t o  g i v e  th e  d e s i r e d  s t a t o r  c u r r e n t  space 
vector . T h is  i s  te rm e d  th e  fe e d  f o r w a r d  a p p ro a c h , a n d  g iv e s  g o o d  
p e r fo rm a n c e ,  b u t  i s  p a ra m e te r  d e p e n d a n t and  c o m p le x  t o  im p le m e n t 
(LORENZ 1 9 8 6 ) .
F rom  th e  l i t e r a t u r e ,  schem e d )  i s  s a id  t o  o f f e r  e q u i v a le n t  o r  s u p e r io r  
p e r fo rm a n c e  t o  schem es b )  an d  c ) .  B y s w i t c h in g  th e  a p p l ie d  v o l t a g e  i n  
e a c h  c o n v e r t e r  p h a s e  le g  b e tw e e n  th e  p o s i t i v e  DC l i n k  m axim um  v o l t a g e ,  
z e r o  an d  th e  n e g a t iv e  DC l i n k  maximum v o l t a g e ,  i n  re s p o n s e  t o  th e  
e r r o r  b e tw e e n  th e  dem anded a n d  m e a s u re d  p h a s e  c u r r e n t  ( w i t h  some 
h y s t e r e s i s ) ,  th e  p h a s e  c u r r e n t  c a n  t r a c k  th e  dem anded c u r r e n t  w i t h i n  
a n  e r r o r  b a n d  ( d e f in e d  b y  th e  c o n v e r t e r  v o l t a g e  h e a d  room  an d  th e  
c o n v e r t e r  s w i t c h in g  f r e q u e n c y ) .  The b a n g -b a n g  an d  h y s t e r e s is  
c o n t r o l l e r s  s w i t c h  w h e n e v e r th e  e r r o r  e x c e e d s  th e  h y s t e r e s is  b o u n d a ry ,  
w h i l s t  th e  d e l t a  m o d u la to r  m a in ta in s  a c o n s ta n t  s w i t c h in g  f r e q u e n c y .
T h e se  schem es le a d  t o  c o n v e r t e r s  w i t h  f a s t  s w i t c h in g  f r e q u e n c ie s  an d  
a d e q u a te  v o l t a g e  h e a d  room , a n d  a r e  to d a y  p r a c t i c a l  i n  s m a l l  and  
m ed ium  s iz e d  d r i v e s  ( s w i t c h in g  f r e q u e n c y  d e p e n d e n t ) .  H o w e ve r th e  
c o n c e p t  o f  im p re s s e d  s t a t o r  c u r r e n t s  u s in g  a v o l t a g e  s o u r c e  c o n v e r t e r  
b r e a k s  dow n n e a r  r a t e d  s p e e d  a n d  a b o v e , w hen th e  c o n v e r t e r  v o l t a g e  
h e a d  room  l i m i t s  th e  c u r r e n t  p e r fo rm a n c e  ( a g a in s t  th e  b a c k  E M F ), o r  
w h e re  s w i t c h in g  f r e q u e n c ie s  a r e  lo w  (<  1 k H z ) ,  w hen  th e  h a rm o n ic
c u r r e n t s  c a n n o t  now  be  assum ed  t o  be  z e r o .  P r o v id e d  t h a t  a direct 
vector controller te c h n iq u e  i s  b e in g  u s e d , th e  m a c h in e  a n d  m o d e l w i l l  
n o t  p u l l - o u t  o f  s t e p ,  b u t  in s t e a d  th e  c o n t r o l l e r  w i l l  c o n t in u e  t o  
dem and th e  d e s i r e d  c u r r e n t ,  a nd  th e  c o n t r o l l e r  p e r fo rm a n c e  may b e  
d e g ra d e d  u n d e r  th e s e  c o n d i t i o n s .
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5 . 7  I n d u c t i o n  M achine D e s ig n
F o r  a  vector control im p le m e n ta t io n ,  a s ta n d a r d  i n d u c t i o n  m a c h in e  m u s t 
a t  l e a s t  b e  f i t t e d  w i t h  c u r r e n t  s e n s o r s ,  a n  e n c o d e r ,  a n d  a  s e p a r a t e ly  
d r i v e n  f a n  f o r  f o r c e d  v e n t i l a t i o n  ( i f  o p e r a t io n  a t  lo w  s p e e d s  i s  
r e q u i r e d ) .  W ith  t h i s  m in im u m  s e t  u p  a s u p e r io r  d r i v e  p e r fo rm a n c e  t o  
scalar control c a n  be  a c h ie v e d .  H o w e ve r f o r  th e  o p tim u m  p e r fo rm a n c e  
( s e r v o  o r  s p in d le  d r i v e s )  w h e re  p r e c is e  to r q u e  c o n t r o l  i s  e s s e n t i a l ,  a 
s p e c ia l  i n d u c t i o n  m a c h in e  m u s t be  u s e d . As w e l l  a s  f o r c e d  v e n t i l a t i o n  
a n d  a n  e n c o d e r  ( n o r m a l ly  s e a le d  i n s id e  th e  m a c h in e  a n d  f i x e d  t o  th e  
s h a f t  u s in g  a t o r s i o n a l l y  s t i f f  c o u p l in g ,  t o  in c r e a s e  th e  m e c h a n ic a l 
r e s o n a n t  f r e q u e n c y ) ,  th e  r o t o r  w i l l  be  lo n g  a n d  t h i n  t o  re d u c e  th e  
i n e r t i a .  T he  c o n s t r u c t i o n  w i l l  a ls o  be  e n h a n c e d  t o  a l lo w  o p e r a t io n  
u n d e r  f i e l d  w e a k e n in g  t o  s p e e d s  i n  e x c e s s  o f  f o u r  t im e s  b a s e  s p e e d , 
a n d  a t t e n t i o n  w i l l  be  p a id  t o  r e d u c in g  th e  m e c h a n ic a l  c o m p l ia n c e s  
b e tw e e n  th e  r o t o r  p e r ip h e r y  (w h e re  th e  e l e c t r i c a l  t o r q u e  i s  g e n e r a te d )  
a n d  th e  o u t p u t  s h a f t ,  t o  in c r e a s e  i t s  m e c h a n ic a l r e s o n a n t  f r e q u e n c y .
T he  n o rm a l d o u b le  ca g e  r o t o r  b a r  c o n s t r u c t i o n  w i l l  be  r e p la c e d  w i t h  a 
f i x e d  b a r  d e s ig n  ( c o n s t a n t  r o t o r  r e s i s t a n c e  v e r s u s  f r e q u e n c y  
c h a r a c t e r i s t i c ) ,  t o  p r e v e n t  v a r i a t i o n  o f  r o t o r  t im e  c o n s ta n t  w i t h  s l i p  
f r e q u e n c y .
To p r e v e n t  th e  r o t o r  le a k a g e  p a th s  a ro u n d  th e  r o t o r  b a r s  f r o m  
s a t u r a t i n g  u n d e r  la r g e  lo a d s  ( r o t o r  c u r r e n t s )  a n d  v a r y in g  th e  m a c h in e  
le a k a g e  p a r a m e te r s ,  an  o p e n  s l o t  r o t o r  c o n s t r u c t i o n  i s  p r e f e r r e d  
( IR IS A  1 9 8 3 , 1 9 8 5 ) .
I n  a d d i t i o n ,  t o  p r e v e n t  p a ra m e te r  v a r i a t i o n  w i t h  s a t u r a t i o n  a n d  
te m p e r a tu r e ,  th e  m a c h in e  w i l l  b e  c o n s t r u c t e d  o u t  o f  a g o o d  q u a l i t y  
m a g n e t ic  m a t e r i a l ,  so  a s  t o  o p e r a t e  i n  a m ore  l i n e a r  r e g io n  o f  t h e  B -H  
c u r v e .
T h e se  s p e c ia l  m a c h in e s  w i l l  n o  lo n g e r  be  th e  s ta n d a r d  o f f  t h e  s h e l f  
c h e a p  m a c h in e s , an d  th e  r e s u l t i n g  s m a l l  s c a le  p r o d u c t io n  w i l l  i n c r e a s e  
c o s t s .
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6 TEST RIG DESIGN CONSIDERATIONS
T h is  C h a p te r  s t a r t s  w i t h  a d e t a i l e d  d i s c u s s io n  o f  th e  f u l l y  
in s t r u m e n te d  t e s t  r i g  c o n s t r u c t e d ,  t o  b e  u s e d  i n  l a t e r  C h a p te rs  t o  
i n v e s t i g a t e  a p r a c t i c a l  vector control im p le m e n ta t io n .  The 
c h a r a c t e r i s a t i o n  o f  th e  t e s t  r i g  i n d u c t i o n  m a c h in e  i s  a ls o  g iv e n .  To 
be  a b le  t o  co m p a re  th e  t h e o r e t i c a l  an d  p r a c t i c a l  d y n a m ic  t o r q u e  
p e r fo rm a n c e ,  th e  m e a s u re m e n t o f  a c t u a l  m a c h in e  to r q u e  i s  i n v e s t i g a t e d  
i n  d e p th .
6 .1  T e s t  R ig  D e s ig n
An a p p r o p r ia t e  s t a r t i n g  p o i n t  f o r  th e  t e s t  r i g  d e s ig n  i s  th e  
a p p r o x im a te  m a c h in e  r a t i n g .  The u p p e r  l i m i t  w o u ld  b e  s e t  b y  th e  
p h y s i c a l  s i z e  a n d  a v a i l a b l e  l a b o r a t o r y  s p a c e , t o g e t h e r  w i t h  th e  p o w e r 
e l e c t r o n i c  a n d  e l e c t r i c a l  l i m i t a t i o n s .  The lo w e r  l i m i t  w as s e t  b y  th e  
r e l a t i v e  m a c h in e  p a ra m e te rs  o f  s m a l le r  m a c h in e s  ( l e s s  th a n  4 kW ), 
t e n d in g  t o  b e  d i f f e r e n t  f r o m  l a r g e r  m a c h in e s  d u e  t o  in c r e a s e d  
r e s i s t a n c e s .  7 .5  kW w as c h o s e n  a s  b e in g  r e p r e s e n t a t i v e  o f  th o s e  m a in ly  
s u p p l ie d  t o  th e  v a r i a b le  s p e e d  d r i v e  m a rk e t  (1  t o  22  kW b y  SSD L t d . ) .
As w i l l  be  d is c u s s e d  i n  s e c t i o n  6 . 4 . 1 ,  i t  i s  n o t  f e a s i b l e  t o  m e a s u re  
f a s t  to r q u e  re s p o n s e s  u s in g  a n y t h in g  a t t a c h e d  m e c h a n ic a l l y  t o  th e  
m a c h in e , o t h e r  th a n  an  e n c o d e r  c o u p le d  t o  g i v e  a h ig h  m e c h a n ic a l  
r e s o n a n t  f r e q u e n c y .  H o w e ve r th e  m a c h in e ’ s own i n e r t i a  w o u ld  be  
i n s u f f i c i e n t  t o  m a in t a in  a c o n s ta n t  lo a d  to r q u e  f o r  d y n a m ic  
o b s e r v a t io n s  a t  c o n s ta n t  s p e e d , e v e n  f o r  s e v e r a l  te n s  o f  m i l l i s e c o n d s ,  
so  p r o v i s i o n  m u s t be  made t o  ad d  e x t r a  i n e r t i a  t o  th e  r o t o r  s h a f t ,  a nd
a s  c lo s e  t o  th e  m a c h in e  b o d y  a s  p o s s ib le  t o  m in im is e  th e  l e n g t h  o f
t o r s i o n a l l y  f l e x i b l e  r o t o r  s h a f t  ( m e c h a n ic a l  r e s o n a n c e s ) .  T he  f r o n t  
b e a r in g  o f  th e  m a c h in e  w o u ld  l i m i t  t h e  m ass o f  t h i s  i n e r t i a .  I n  
a d d i t i o n ,  la r g e  i n e r t i a s  te n d  t o  h a v e  la r g e  d ia m e te r s  an d  t h e r e f o r e  
ro o m  m u s t be  l e f t  t o  a cco m m o d a te  t h i s .
A DC m ach in e  o f  a  l a r g e r  r a t i n g  t h a n  t h e  i n d u c t i o n  m ach in e  w ould  a l s o
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be  u s e f u l ,  t o  o v e r h a u l  th e  AC m a c h in e  an d  a l lo w  f o u r  q u a d r a n t  
o p e r a t io n .  The DC m a c h in e  c o u ld  a ls o  a c t  a s  a  c a l i b r a t e d  t o r q u e  
r e f e r e n c e  i n  th e  s te a d y  s t a t e  a n d  e n a b le  t o r q u e  m e a s u re m e n ts  u n d e r  
m o t o r in g  a n d  g e n e r a t in g  c o n d i t i o n s  a t  f i x e d  s p e e d s .
T o g e th e r  th e s e  r e q u i r e m e n ts  le a d  t o  a s im p le  d e s ig n  o f  t e s t  r i g ,  w i t h  
th e  AC m a c h in e  m o u n te d  p a r a l l e l  t o  th e  DC m a c h in e , b o th  m a c h in e s  
m o u n te d  so  t h a t  t h e i r  s h a f t s  o v e rh a n g  th e  f r o n t  e d g e  o f  th e  r i g  t o  
a l lo w  room  f o r  a n y  a d d i t i o n a l  i n e r t i a .  F o r  s te a d y  s t a t e  m e a s u re m e n ts  
th e  AC an d  DC d r i v e s  c o u ld  be  c o u p le d  t o g e t h e r  u s in g  r u b b e r  b e l t s  an d  
p u l l e y s .
The a d d i t i o n a l  r o t o r  i n e r t i a  w as i n  f a c t  an  o ld  p u l l e y  o f  0 .3  m
2
d ia m e te r  and  30 k g  m ass. The e s t im a t e d  e x t r a  i n e r t i a  w as 0 .5  k g  m .
F ig u r e  6 . 1 show s th e  c o m p le te d  t e s t  r i g  i n  i t s  l a b o r a t o r y  p o s i t i o n ,  
w i t h  th e  s a f e t y  m esh re m o v e d . The m a c h in e  on  th e  l e f t  i s  th e  AC 
i n d u c t i o n  m a c h in e  w i t h  th e  a d d i t i o n a l  i n e r t i a  on  th e  o u t p u t  s h a f t ,  an d  
t h e  on e  o n  th e  r i g h t  th e  lo w  i n e r t i a  DC m a c h in e . A b o ve  th e  t e s t  r i g  
a r e  th e  AC a nd  DC m a c h in e  c o n t r o l l e r s ,  th e  one  o n  t h e  l e f t  b e in g  th e  
h e a v i l y  m o d i f ie d  AC d r i v e  a n d  th e  one  on  th e  r i g h t  th e  s ta n d a r d  DC 
d r i v e  ( C h a p te r  8 ) .  To th e  f a r  l e f t  i s  th e  vector visualiser (s e e  
s e c t i o n  6 . 2 . 7 ) .  A ls o  p i c t u r e d  i n  th e  f o r e g r o u n d  a r e  th e  r u b b e r  b e l t s  
a n d  c o u p l in g s  u s e d , t o g e t h e r  w i t h  a 0 . 3  m r u l e  f o r  s c a l i n g .
6 . 1 . 1  m a c h in e  d e t a i l s
F o r  th e  i n d u c t i o n  m a c h in e  we h a v e  c h o s e n  a s e c o n d  h a n d  B ro o k  C om p ton
7 . 5  HP ( 5 . 5  kW ), 415  V, 1500  rpm  w ound  r o t o r  m a c h in e . F u l l  d e t a i l s  a r e  
g iv e n  i n  A p p e n d ix  M, an d  r e s u l t s  o f  a c t u a l  m a c h in e  p a ra m e te r
m e a s u re m e n ts  a r e  d e t a i l e d  l a t e r  i n  t h i s  C h a p te r  ( s e c t io n  6 . 3 ) .  The
w ound  r o t o r  c o n n e c t io n  a l lo w s  g r e a t e r  f l e x i b i l i t y  i n  e x p e r im e n t a t io n  
b y  a l l o w in g  r o t o r  m e a s u re m e n ts , a n d  b y  a d d in g  e x t e r n a l  r o t o r  
r e s i s t a n c e  th e  r o t o r  t im e  c o n s ta n t  c a n  b e  v a r i e d  a l l o w in g  p a r a m e te r  
a d a p t io n  te c h n iq u e s  t o  be  i n v e s t i g a t e d .
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FIGURE 6 .1  The l a b o r a t o r y  s e t  up
The o p e n  s l o t  w ound r o t o r  a ls o  re m o v e s  th e  p ro b le m s  a s s o c ia te d  w i t h  
m o s t c a g e  m a c h in e s , w hose  r o t o r  p a ra m e te rs  v a r y  w i t h  f r e q u e n c y  and  
lo a d  (C h a p te r  5 , s e c t i o n  5 . 7 ) .
The m a c h in e  w as m o d i f ie d  t o  a l lo w  f o r c e d  v e n t i l a t i o n  b y  d u c t in g  a i r  
f r o m  a s e p a r a te  f a n  th r o u g h  th e  n o rm a l v e n t i l a t i o n  s l o t s ,  an d  b lo c k in g  
some o t h e r s  o f f .  The fa n  f i x e d  t o  th e  r o t o r  w as re m o ve d  an d  th e  r o t o r  
b a la n c e d .
The lo w  i n e r t i a  T h r ig e  S c o t t  s e p a r a t e ly  e x c i t e d  DC m a c h in e  ( 6 . 2  kW, 
1300  rp m ) and  f o u r  q u a d r a n t  c o n t r o l l e r  w e re  lo a n e d  t o  u s  b y  SSD L t d . , 
th e  s p o n s o r in g  com pany.
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6 . 2  I n s t r u m e n t a t i o n
6 . 2 . 1  s p e e d  and  p o s i t i o n  m easu rem en t (A ppendix  N and  P)
F o r  t h i s  g e n e r a l  p u rp o s e  t e s t  r i g  a h ig h  p r e c i s i o n  s h a f t  e n c o d e r  was 
c h o s e n , o n  t h e  p r i n c i p l e  t h a t  to o  m uch p r e c i s i o n  w as m ore  d e s i r a b le  
th a n  t o o  l i t t l e .  The e n c o d e r  c h o s e n  w as a  SERVO DYNAMIC m o d e l 1 0 0 /9 3 ,  
w h ic h  o u t p u t s  600 0  p u ls e s  p e r  s h a f t  r e v o l u t i o n  i n  tw o  p h a s e  q u a d r a t u r e  
I  a nd  Q t r a c k s ,  a lo n g  w i t h  a  s y n c h r o n is a t io n  p u ls e  c o r r e s p o n d in g  t o  
on e  r e v o l u t i o n .  The I  t r a c k  c a n  be  c o n s id e r e d  t o  be  physical , w h i l s t  
t h e  Q t r a c k  i s  d e r iv e d  e l e c t r o n i c a l l y  a n d  i s  q u o te d  a s  b e in g  le s s  
a c c u r a t e  i n  i t s  r e l a t i v e  t im in g .  T h is  m o d e l f e a t u r e s  re d u c e d  edg e
O O
j i t t e r  o n  e a c h  c h a n n e l p u ls e  o f  ±8 ( i n  one  3 60  e l e c t r i c a l  p u l s e ) ,  
w h ic h  e q u a te s  p h y s i c a l l y  t o  5 a r c  s e c o n d s  (o n e  s ta n d a r d  d e v i a t i o n ) .  A 
d e t a i l e d  a n a ly s is  o f  v e l o c i t y  an d  a c c e l e r a t i o n  m e a s u re m e n t te c h n iq u e s  
u s in g  e n c o d e rs  ( i n c lu d i n g  a f u l l  e r r o r  a n a l y s is )  w as u n d e r ta k e n ,  and  
i s  d e s c r ib e d  i n  A p p e n d ic e s  N, 0 , P an d  Q.
The o u tp u t s  o f  th e  e n c o d e r  c o n s i s t  o f  d i f f e r e n t i a l  p a i r s ,  a l lo w in g  
d a ta  t r a n s m is s io n  o v e r  lo n g  d is t a n c e s  i n  e l e c t r i c a l l y  n o is y  
e n v ir o n m e n ts  u s in g  a d i f f e r e n t i a l  r e c e i v e r  a t  th e  c o n t r o l l e r .  I n  f a c t  
t w i s t e d  p a i r  s c re e n e d  c a b le  w as u s e d  o v e r  th e  s i x  m e t re  d is t a n c e .
A t  th e  c o n t r o l l e r  t h e  p o s i t i o n  w as o b ta in e d  e v e r y  1 .0  ms f r o m  a 
H e w le t t  P a c k a rd  e n c o d e r  i n t e r f a c e  in t e g r a t e d  c i r c u i t  (H C T 2 0 2 0 ). T h is  
i n t e g r a t e d  c i r c u i t  m akes u s e  o f  a l l  th e  I  a nd  Q t r a c k  t r a n s i t i o n s  t o  
g e n e r a te  2 4 ,0 0 0  p u ls e s  p e r  r e v o l u t i o n ,  w h ic h  i t  c o u n ts  t o  d e te r m in e  
th e  p o s i t i o n .  I n  c o n t r o l l e r  s o f t w a r e  t h e  sp e e d  w as c a l c u la t e d  d v e r y
1 .0  ms, t o g e t h e r  w i t h  an  e s t im a t e  o f  th e  new  s h a f t  p o s i t i o n * e v e r y  0 .1
ms.
To in c r e a s e  t h e  m e c h a n ic a l  r e s o n a n t  f r e q u e n c y  b e tw e e n  th e  e n c o d e r  and  
t h e  r o t o r  s h a f t ,  th e  e n c o d e r  w as p h y s i c a l l y  screwed i n t o  th e  e n d  o f
t h e  r o t o r  s h a f t .  The n e c e s s a r y  f l e x i b i l i t y  f o r  t h e  e n c o d e r  b e a r in g s
w as o b ta in e d  b y  f i x i n g  th e  e n c o d e r  b o d y  t o  th e  i n d u c t i o n  m a c h in e  b o d y  
u s in g  a t h i n  r u b b e r  g a s k e t .  The  l i f e  o f  t h e  e n c o d e r  b e a r in g s  w o u ld  be  
s e v e r e ly  re d u c e d , b u t  f o r  th e  n u m b e r o f  h o u rs  th e  t e s t  r i g  w o u ld  be  
u s e d , t h i s  w as a c c e p ta b le .
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6 . 2 . 2  f l u x  m easurem ent
T h re e  s e a r c h  c o i l s ,  e a c h  s p a n n in g  a  f u l l  p o le  p i t c h ,  w e re  f i x e d  t o  th e  
s t a t o r  t e e t h ,  a s  c lo s e  t o  th e  i r o n  t e e t h  a s  p o s s ib le  t o  re d u c e  th e  
a m o u n t o f  e nd  le a k a g e  f l u x  n o t  p a s s in g  th r o u g h  th e  c o i l s .  A c o m p le te  
p o le  p i t c h  w as m e a s u re d , s in c e  w hen i n t e g r a t i n g  t o  o b t a in  th e  f l u x  ( o r  
f l u x  l i n k a g e ) ,  th e  h ig h  f r e q u e n c y  s l o t  r i p p l e  e f f e c t s  w o u ld  be  
re d u c e d . F u l l  c o i l  d e t a i l s  a r e  in c lu d e d  i n  A p p e n d ix  M. The  a c t u a l  
q u a n t i t y  m e a s u re d  w o u ld  be  th e  a v e ra g e  p o le  f l u x  o n  th e  s t a t o r  s id e  o f  
t h e  a i r  g a p , w h ic h  we s h a l l  assum e r e p r e s e n t s  th e  a v e ra g e  s t a t o r  p o le  
f l u x .
A t  th e  c o n t r o l l e r ,  th e  s i g n a ls  w e re  b u f f e r e d ,  an d  a n a lo g u e  i n t e g r a t i o n  
an d  c o n v e r s io n  f r o m  t h r e e  to  tw o  a x is  c o m p o n e n ts  w as p e r fo rm e d .  
P a r t i c u l a r  a t t e n t i o n  w as p a id  t o  th e  o f f s e t  an d  g a in  d e s ig n  f o r  
n u l l i n g  a n d  d r i f t .  An e r r o r  o f  t h i s  k in d  w o u ld  le a d  t o  th e  r e s u l t i n g  
f l u x  space vector h a v in g  an  a d d i t i o n a l  o s c i l l a t o r y  c o m p o n e n t, n o t  
p r e s e n t  i n  th e  m a c h in e  (KAMERBEEK 1 9 7 4 , PLUNKETT 1 9 7 7 ) .
The c o i l s  w e re  in s e r t e d  w i t h  no  s p e c i f i c  a l ig n m e n t  t o  a n y  s t a t o r  a x i s ,  
h e n c e  l a t e r  o r i e n t a t i o n  c o m p e n s a t io n  was c o r r e c t e d  f o r  i n  s o f t w a r e .  I n  
p a r t i c u l a r  th e  vector product to r q u e  e s t im a t io n  schem e o f  s e c t i o n  
6 . 4 . 3 ,  r e q u i r e s  th e  s t a t o r  c u r r e n t  an d  f l u x  l in k a g e  space vector 
r e f e r e n c e  f r a m e s  t o  be  a l ig n e d .
U s in g  a  12 b i t  a n a lo g u e  t o  d i g i t a l  (A /D )  c o n v e r t e r ,  a n d  a s s u m in g  t h a t  
th e  p e a k  f l u x  r e p r e s e n t s  ± 2 0 4 8  d i g i t a l l y ,  t h i s  g iv e s  u s  a r e s o l u t i o n  
o f  ± 0 .0 5  %. The c a l i b r a t i o n  o f  th e  s e a rc h  c o i l s  i s  g iv e n  i n  C h a p te r  8 
( s e c t io n  8 . 2 ) .
6 . 2 . 3  te m p e r a tu r e  m e a s u re m e n t
W h i ls t  th e  m a c h in e  w as d is m a n t le d  f o r  i n s e r t i o n  o f  th e  f l u x  c o i l s ,  
tw e lv e  th e r m o c o u p le s  w e re  i n s e r t e d  i n t o  th e  m a c h in e .
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6. 2. 4 m ach ine  t e r m i n a l  v o l t a g e  m easurem ent
The t h r e e  v o l t a g e  w a v e fo rm s  a c r o s s  th e  t h r e e  m a c h in e  t e r m in a ls  w e re  
m e a s u re d  w i t h  a d i f f e r e n t i a l  a m p l i f i e r  u s in g  a long fingered 
te c h n iq u e .  I n  t h i s  m e th o d , a r e s i s t o r  c h a in  o f  h ig h  im p e d a n c e  (>  5 MQ) 
i s  u s e d  t o  c o n n e c t  tw o  m a c h in e  t e r m in a l  v o l t a g e s  t o  a d i f f e r e n t i a l  
a m p l i f i e r .  The r e s i s t o r  c h a in  i s  d i v id e d  i n t o  s e v e r a l  r e s i s t o r s  f o r  
s a f e t y  i n  c a s e  one  r e s i s t o r  s h o u ld  f a i l  o r  be  s h o r t e d  o u t  b y  
d u s t / d e b r i s  e t c .  A lo w  p a s s  f i l t e r  r e v e a ls  th e  fu n d a m e n ta l  v o l t a g e  
co m p o n e n t ( w i t h  a p h a s e  l a g ) .  As th e  m a c h in e  w as d e l t a  c o n n e c te d  t h i s  
w o u ld  i n d i c a t e  t h e  e q u iv a le n t  p h a s e  v o l t a g e .
An a l t e r n a t i v e  schem e i n  th e  l i t e r a t u r e  w h ic h  e s t im a t e s  th e  p h a s e  
v o l t a g e  f r o m  k n o w le d g e  o f  th e  i n v e r t e r  s w i t c h in g  p a t t e r n  i s  d is c u s s e d  
b y  K r is h n a n  (KRISHNAN 1 9 8 5 ) ,  b u t  i s  c o n s id e r e d  h e re  t o  be  to o  c o m p le x  
t o  im p le m e n t.
6 . 2 . 5  m a c h in e  t e r m in a l  c u r r e n t  m e a su re m e n t
The t h r e e  s t a t o r  and  r o t o r  l i n e  c u r r e n t s  w e re  m e a s u re d  u s in g  t h r e e  
c o m m e r c ia l ly  a v a i l a b l e  (1 0 0  Amp p e a k )  f l u x  b a la n c in g  c u r r e n t  s e n s o rs  
(LEM m o d e l LA 5 0 P -S P 1 ). As w e l l  a s  p r o v id in g  an  i s o l a t e d  m e a s u re m e n t, 
t h e y  h a v e  a b a n d w id th  o f  300  kH z , a n d  an  a c c u r a c y  o f  0 .5  %. The 
c u r r e n t  ra n g e  c a n  be  h a lv e d  b y  p a s s in g  tw o  t u r n s  o f  th e  c u r r e n t  
c a r r y in g  c o n d u c to r  t h r o u g h  th e  d e v ic e .  I n  t h i s  a p p l i c a t i o n ,  th e  r o t o r  
c u r r e n t  s e n s i t i v i t y  w as re d u c e d  t o  50  Amps p e a k , a n d  th e  s t a t o r  
c u r r e n t  t o  3 3 .3 3  Amps p e a k .
The  s e n s o r  o u t p u t s  a c t  a s  c u r r e n t  s o u rc e s  ( lo w  im p e d a n c e )  w h ic h  
im p ro v e s  th e  n o is e  im m u n ity  w hen  p a s s in g  th r o u g h  e l e c t r i c a l l y  n o is y  
e n v ir o n m e n ts .  T he  c u r r e n t  i s  c o n v e r te d  t o  a v o l t a g e  a t  t h e  m e a s u r in g  
r e s i s t o r s  a t  th e  c o n t r o l l e r .  To m a in t a in  a c c u r a c y ,  s t a b le  h ig h  
t o l e r a n c e  m e a s u re m e n t r e s i s t o r s  m u s t b e  u s e d . The c o n n e c t io n s  t o  th e  
c o n t r o l l e r  w e re  b y  s c re e n e d  t w i s t e d  p a i r s .
P a r t i c u l a r  a t t e n t i o n  w as a g a in  p a id  t o  o f f s e t  a n d  g a in  d e s ig n  f o r  
n u l l i n g  a nd  d r i f t ,  s in c e  t h i s  w o u ld  le a d  t o  a  m o d u la t io n  o f  th e
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p r e d i c t e d  c u r r e n t  space vector w h ic h  w o u ld  le a d  t o  to r q u e  
o s c i l l a t i o n s .
U s in g  a  12 b i t  a n a lo g u e  t o  d i g i t a l  c o n v e r t e r  (A /D )  (± 2 0 4 8 )  w h ic h
c o r r e s p o n d s  t o  0 .0 5  % a c c u r a c y ,  th e  s t a t o r  c u r r e n t  r e s o l u t i o n  w o u ld  
be  ± 1 6 .3  mA, a n d  th e  r o t o r  c u r r e n t  ± 2 4 .4  mA.
6 . 2 . 6  i n v e r t e r  DC l i n k  v o l t a g e  a n d  c u r r e n t
The  DC l i n k  v o l t a g e  w as m e a s u re d  u s in g  th e  d i f f e r e n t i a l  schem e o f  
s e c t i o n  6 . 2 . 4 ,  a nd  th e  c u r r e n t  a f t e r  th e  DC l i n k  c a p a c i t o r s  f r o m  a 
H a l l  p ro b e  a l r e a d y  m o u n te d  i n s id e  th e  i n v e r t e r  m o n i t o r in g  th e  l i n k  
c u r r e n t  ( t o  p r e d i c t  to r q u e  i n  th e  s te a d y  s t a t e ) .  The tw o  o u t p u t s  w e re  
f i l t e r e d  ( t h e  c u r r e n t  o n ly  l i g h t l y )  a n d  c o n v e r te d  i n t o  a  p u ls e  t r a i n  
o f  m axim um  f r e q u e n c y  10 kH z u s in g  a  v o l t a g e  t o  f r e q u e n c y  c o n v e r t e r  
i n t e g r a t e d  c i r c u i t .  An o p to  c o u p le r  was u s e d  t o  p r o v id e  i s o l a t i o n  
( n o is y  g ro u n d  lo o p s )  b e f o r e  t h e  d a ta  w as s e n t  dow n th e  s c re e n e d  
t w i s t e d  p a i r  c a b le .  A t  th e  c o n t r o l l e r  th e  s i g n a ls  w e re  r e c o v e r e d  u s in g  
a f r e q u e n c y  t o  v o l t a g e  c o n v e r t e r .
6 . 2 . 7  th e  v e c t o r  v i s u a l i s e r
T h is  e q u ip m e n t w as c o n s t r u c t e d  u n d e r  my g u id a n c e  a s  a s t u d e n t  p r o j e c t  
(HARTSEMA 1 9 9 0 ) .  B y  m o n i t o r in g  t h e  t h r e e  t e r m in a l  v o l t a g e s  a n d  
c u r r e n t s ,  a n d  i n t e g r a t i n g  th e  s t a t o r  f l u x  v o i t - s e c o n d s  vector ( a f t e r  
c o r r e c t i n g  f o r  th e  v o l t a g e  d r o p  a c r o s s  th e  s t a t o r  r e s i s t a n c e )  an d  
c o n v e r t in g  t o  th e  tw o  p h a s e  s t a t i o n a r y  r e f e r e n c e  f r a m e  ( a - £ ) ,  th e  
s t a t o r  f l u x  l in k a g e  space vector c a n  be  d i s p la y e d  o n  a c a th o d e  r a y  
o s c i l l o s c o p e .  B y  u s in g  t h e  X -Y  m ode, t h i s  vector i d e a l l y  fo r m s  a 
c i r c l e  w i t h  a n  i d e a l  m a c h in e  a n d  s in u s o id a l  s u p p ly .  H o w e v e r w i t h  a 
r e a l  m a c h in e , t h e  f l u x  w i l l  c o n t a in  lo w  l e v e l  h a rm o n ic s  d u e  t o  th e  
w in d in g  a n d  s l o t t i n g  d e t a i l s .  When th e  m a c h in e  i s  f e d  f r o m  a  f i x e d  DC 
l i n k  v o l t a g e  i n v e r t e r ,  th e  i d e a l  c i r c l e  i s  a p p r o x im a te d  b y  
c o n s t r u c t i o n  f r o m  th e  e i g h t  p o s s ib le  v o l t - s e c o n d s  space vectors ( s e e  
C h a p te r  7 , s e c t i o n  7 . 3 ) .  The a p p r o x im a t io n  t o  t h e  i d e a l  c i r c l e  d e p e n d s  
o n  th e  i n v e r t e r  s w i t c h in g  p a t t e r n  a n d  th e  s w i t c h in g  f r e q u e n c y .
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6 . 3  M achine P a ra m e te r  M easurem ent
F o r  a direct m e th o d  vector controller, th e  m a c h in e  m o d e l r e q u i r e s  
k n o w le d g e  o f  some o f  th e  m a c h in e  p a ra m e te rs .  As h a s  b e e n  d is c u s s e d  i n  
C h a p te r  5 , s e c t io n  5 . 3 ,  th e  r o t o r  t im e  c o n s ta n t  (T  ) h a s  t o  be  know n
R
a c c u r a t e ly ,  d e p e n d in g  on  th e  e r r o r  w h ic h  c a n  be  t o l e r a t e d .  F o r  a 
g e n e r a l  p u rp o s e  c o n t r o l l e r  t h i s  may be  b e t t e r  th a n  ±20  %. As w i l l  be  
d is c u s s e d  i n  C h a p te r  8 , th e  m a c h in e  p a ra m e te rs  m u s t be  d e te r m in e d  a t  
100 % an d  a t  3 7 .5  % o f  r a t e d  m a c h in e  f l u x  ( f l u x  l i n k a g e ) .  The s ta n d a r d  
t e s t s  w e re  p e r fo rm e d  a f t e r  th e  m a c h in e  ha d  b e e n  w arm ed u p , w i t h  th e  
s t a t o r  i r o n  la m in a t io n s  a t  a te m p e r a tu r e  o f  3 0 °C , a n d  th e  m a c h in e  
b e in g  f e d  f r o m  a v a r i a b le  v o l t a g e  s in u s o id a l  (m a in s )  AC s u p p ly .  The 
m a c h in e  and  p e r  p h a s e  e q u iv a le n t  c i r c u i t  w e re  assum ed  d e l t a  c o n n e c te d .
T he  m a c h in e  p a ra m e te rs  w e re  n o t  ta k e n  f r o m  th e  m a n u fa c tu r e r s  d a ta  
(A p p e n d ix  M ), s in c e  some o f  th e  p a ra m e te rs  w e re  u n kn o w n , a n d  a ls o  i t  
w as s u s p e c te d ,  f r o m  th e  f r e s h  p a i n t ,  t h a t  th e  m a c h in e  h a d  b e e n  
re -w o u n d .
6 . 3 . 1  DC r e s is t a n c e  m e a s u re m e n ts
U s in g  a v a r i a b le  (1 0  Amps m axim um ) DC p o w e r s u p p ly ,  th e  v o l t a g e  d r o p  
a c r o s s  tw o  o f  th e  m a c h in e  t e r m in a ls  w as m e a s u re d  f o r  d i f f e r e n t  
c u r r e n t s .  The e q u iv a le n t  p e r  p h a s e  DC r e s i s t a n c e  w as a v e ra g e d  a t  2 .3 4 5  
Q ± 2 %.
S i m i l a r l y  f o r  t h i s  w ound r o t o r  m a c h in e , th e  e q u i v a le n t  DC r o t o r  
r e s i s t a n c e  ( i n c lu d i n g  th e  b r u s h e s )  r e f e r r e d  t o  th e  s t a t o r  w as a v e ra g e d  
o u t  a t  3 .5 8 4  Q ± 6 % a s  th e  s h a f t  was r o t a t e d  v e r y  s lo w ly .  The l a r g e r  
t o le r a n c e  w as d ue  t o  th e  b r u s h  r e s i s t a n c e  v a r y in g  w i t h  c u r r e n t .
6 . 3 . 2  no  lo a d  t e s t
T h is  w as p e r fo rm e d  a t  r a t e d  v o l t a g e  (4 1 5  V ) a n d  a t  3 7 .5  % o f  r a t e d  
v o l t a g e  (1 5 6  V ) ,  w i t h  t h e  r o t o r  e l e c t r i c a l l y  d is c o n n e c te d  a n d  r o t a t e d  
s l o w ly  b y  h a n d . T h is  w o u ld  e l im i n a t e  th e  r o t o r  w in d in g  an d  f r i c t i o n
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a nd  w in d a g e  lo s s e s ,  b u t  in c r e a s e  th e  h y s t e r e s is  lo s s .  A f t e r  t a k in g
i n t o  a c c o u n t  th e  s t a t o r  lo s s  an d  le a k a g e ,  th e  r a t e d  m a g n e t is in g
in d u c ta n c e  (L q ) was 0 .3 1 9 9  H ± 5 %, an d  th e  r a t e d  m a g n e t is in g
r e s i s t a n c e  ( l o s s )  (R ) w as 85 8  Q ± 18 %. S i m i l a r l y  a t  3 7 .5  % o f  r a t e do
v o l t a g e  ( 3 7 .5  % o f  r a t e d  f l u x )  th e  m a g n e t is in g  in d u c ta n c e  (L q ) w as
0 .4 1 5  H ± 5 %, an d  th e  3 7 .5  % o f  r a t e d  m a g n e t is in g  r e s i s t a n c e  ( l o s s )
(Rq ) w as 1256 Q ± 18 %. B y  c o m p a r is o n ,  a t  r a t e d  v o l t a g e  w i t h  t h e  r o t o r
e l e c t r i c a l l y  c o n n e c te d  an d  r o t a t i n g  a t  1497  rp m , t h e  m a g n e t is in g
in d u c ta n c e  (L  ) w as fo u n d  t o  be  0 .3 3 4 6  H ( 4 . 6  % i n c r e a s e ) ,  o
6 . 3 . 3  lo c k e d  r o t o r  t e s t
T h is  w as p e r fo rm e d  a t  r a t e d  s t a t o r  c u r r e n t  ( a t  m uch re d u c e d  v o l t a g e )
w h i l s t  l e t t i n g  th e  r o t o r  r o t a t e  v e r y  s lo w ly .  The r e s u l t s  o b ta in e d
show ed  t h a t  r e f e r r e d  t o  th e  s t a t o r  th e  c o m b in e d  s t a t o r  an d  r o t o r  AC
(5 0  H z ) r e s i s t a n c e  w as 7 .1 7 5  Q ± 2  %, and  th e  c o m b in e d  s t a t o r  an d
r o t o r  le a k a g e  in d u c ta n c e s  w e re  3 4 .9 9  mH ± 16 %. B y  s p l i t t i n g  th e
le a k a g e  in d u c ta n c e s  i n  th e  r a t i o  o f  th e  s t a t o r  r e f e r r e d  r e s i s t a n c e s
(SAY 1 9 8 3 ) ,  t h i s  g iv e s  th e  s t a t o r  le a k a g e  in d u c ta n c e  (<r L  ) t o  bes o
1 5 .4 6  mH ± 16 %, and  th e  r o t o r  le a k a g e  in d u c ta n c e  (cr L  ) o f  1 9 .5 3  mH ±e R o
16 %.
The  d i f f e r e n c e  b e tw e e n  th e  c o m b in e d  s t a t o r  and  r o t o r  r e s i s t a n c e  v a lu e s  
r e f e r r e d  t o  th e  s t a t o r  c a l c u la t e d  a t  50  Hz AC ( lo c k e d  r o t o r )  o f  7 .1 7 5  
Q, a n d  th o s e  a t  DC o f  5 .9 2 9  Q w as assum ed t o  be  d u e  t o  th e  skin 
e f f e c t .  I n  p r a c t i c e  th e  s t a t o r  c u r r e n t s  a r e  a lw a y s  a t  th e  s u p p ly  
f r e q u e n c y ,  a n d  t h e  r o t o r  c u r r e n t s  a t  th e  m uch lo w e r  s l i p  f r e q u e n c y .  
H ence  th e  r e s i s t a n c e  v a lu e s  w e re  c h o s e n  so  t h a t  th e  s t a t o r  r e s i s t a n c e  
w as t h e  50  Hz AC v a lu e  (2 .8 3 8  Q  ± 2  % ), an d  th e  r o t o r  r e s i s t a n c e  th e  
DC v a lu e  ( 3 .5 8 4  ± 6 % ).
6 . 3 . 4  t u r n s  r a t i o  t e s t
B y  a p p ly in g  th e  r a t e d  s t a t o r  v o l t a g e  a nd  m e a s u r in g  th e  o p e n  c i r c u i t  
r o t o r  v o l t a g e ,  an d  a p p ly in g  th e  r a t e d  r o t o r  v o l t a g e  a n d  m e a s u r in g  th e  
o p e n  c i r c u i t  s t a t o r  v o l t a g e ,  th e  a v e ra g e  t u r n s  r a t i o  s t a t o r  : r o t o r
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w as 1 : 0 .6 0 8  ± 2 %, a f t e r  a l l o w in g  f o r  th e  le a k a g e  im p e d a n c e s .
6 . 3 . 5  m a c h in e  i n e r t i a
The r o t o r  m om ent o f  i n e r t i a  w as e s t im a t e d  b y  m e a s u r in g  t h e  d im e n s io n s  
a n d  m a t e r i a l  u s e d  f o r  th e  c o n s t r u c t i o n  o f  e a c h  p a r t .  The m om ent o f  
i n e r t i a  f o r  e a c h  c o m p o n e n t p a r t  ( i n c lu d i n g  c o r r e c t i o n  f o r  s l o t t i n g )  
w e re  th e n  summed, a nd  a d d e d  t o  t h e  e n c o d e r  i n e r t i a .  The t o t a l  r o t o r  
i n e r t i a  w as c a l c u la t e d  t o  be  0 .0 7 7  kgm 2 ± 10 %.
6 . 3 . 6  c o n c lu s io n s
The no  lo a d  an d  lo c k e d  r o t o r  t e s t s  p e r fo rm e d  g a v e  r e p e a t a b le  r e s u l t s ,  
e v e n  th o u g h  th e  m e a su re m e n t u n c e r t a i n t i e s  a r e  la r g e .  H o w e v e r, th e s e  
v a lu e s  a r e  c a l c u la t e d  f r o m  u n r e a l i s t i c  o p e r a t in g  c o n d i t i o n s .  F o r  
e x a m p le  i n  th e  lo c k e d  r o t o r  t e s t  th e  r o t o r  c u r r e n t s  a r e  a t  50  H z, n o t  
a t  th e  s l i p  f r e q u e n c y  u n d e r  n o rm a l o p e r a t in g  c o n d i t i o n s .  I n  a d d i t i o n  
f o r  th e  no  lo a d  t e s t  a s  d e s c r ib e d ,  th e  r o t o r  i s  n o t  a c t u a l l y  r o t a t i n g .  
T h is  w i l l  in c r e a s e  th e  h y s t e r e s i s  lo s s ,  s in c e  th e  s t a t i o n a r y  r o t o r  
w i l l  s e e  a m a g n e t ic  f i e l d  w h ic h  i s  c h a n g in g  a t  a  f r e q u e n c y  o f  50  H z, 
w h e re a s  u n d e r  n o rm a l o p e r a t in g  c o n d i t i o n s  t h i s  w o u ld  b e  a t  th e  s l i p  
f r e q u e n c y .  A l t e r n a t i v e  p a ra m e te r  e s t im a t io n  schem es i n  th e  l i t e r a t u r e  
may im p ro v e  th e  m e a s u re m e n t a c c u r a c y ,  b u t  a r e  c o m p le x . Some o f  w h ic h  
a r e  d e s c r ib e d  i n  th e  f o l l o w i n g  p a p e r s : -  (C H AI 1 9 8 6 , C 0N S0LI 1 9 8 7 , 
HAYD0CK 1 9 8 6 , SCHIERLING  1 9 8 8 , SUL 1 9 8 9 , WANG 1 9 8 8 , ZHOU 1 9 8 6 ) .
I n  a d d i t i o n  th e  23  % ch a n g e  i n  m e a s u re d  m a g n e t is in g  in d u c ta n c e  b e tw e e n  
th e  f l u x  o p e r a t in g  p o i n t s  w o u ld  i n d i c a t e  th e  m a c h in e  t o  be  o p e r a t in g  
u n d e r  s a t u r a t i o n  a t  r a t e d  f l u x .
6 . 3 . 6 . 1  p a ra m e te rs  a t  r a t e d  v o l t a g e / f l u x  (3 0  °C )
2 .8 3 8  Q ± 2 % 
3 .5 8 4  £2 ± 6 % 
8 58  £2 ± 18 %
S t a t o r  R e s is ta n c e  (R )
s
R o to r  R e s is ta n c e  (R  )
R
M a g n e t i s in g  R e s i s t a n c e  (Rq)
110
S t a t o r  In d u c ta n c e  (L  )
s
R o to r  In d u c ta n c e  (L  )R
S t a t o r  L e a k a g e  In d u c ta n c e  (0'SL Q)
R o to r  L e a k a g e  In d u c ta n c e  (cr L  )
r  o
S t a t o r  L e a k a g e  C o e f f i c i e n t  (crs )
R o to r  L e a k a g e  C o e f f i c i e n t  (cr )
R
T o t a l  L e a k a g e  F a c t o r  (<r)
R o to r  T im e  C o n s ta n t  (T  )
R
S t a t o r  T im e  C o n s ta n t  (T  )
s
T o t a l  R o to r  I n e r t i a  ( J )
M a g n e t i s in g  I n d u c ta n c e  (Lq ) 0 . 3 1 9 9  H ±  5  %  
0 . 3 3 5 3 6  H ±  6  %  
0 . 3 3 9 4 3  H ±  6  %  
1 5 . 4 6  mH ±  1 6  %  
1 9 . 5 3  mH +  1 6  %  
0 . 0 4 8 3  ±  1 6  %  
0 . 0 6 1 0  ±  1 6  %
0 . 1 0 0 9  ±  1 6  %  
0 . 0 9 4 7  s ±  1 2  %  
0 . 1 1 8 2  s ±  8  %  
0 . 0 7 7  kgm2 ±  1 0  %
6 . 3 . 6 . 2  p a ra m e te rs  a t  3 7 .5  % r a t e d  v o l t a g e / f l u x  (3 0  C)
As a b o v e  e x c e p t ,
M a g n e t is in g  R e s is ta n c e  (Rq )
M a g n e t is in g  In d u c ta n c e  (L q )
S t a t o r  In d u c ta n c e  (L  )
s
R o to r  In d u c ta n c e  (L  )
R
S t a t o r  L e a k a g e  C o e f f i c i e n t  (cr^) 
R o to r  L e a k a g e  C o e f f i c i e n t  (<tr ) 
T o t a l  L e a k a g e  F a c t o r  (cr)
R o to r  T im e  C o n s ta n t  (T  )R
S t a t o r  T im e  C o n s ta n t  (T  )
s
1 2 5 6  ±  1 8  %
0 . 4 1 5  H ±  5  %  
0 . 4 3 0 4 6  H ±  6  %  
0 . 4 3 4 5 3  H ±  6  %  
0 . 0 3 7 3  ±  1 6  %  
0 . 0 4 7 1  ±  1 6  %  
0 . 0 7 9 2  ±  1 6  %
0 .1 2 1  s + 12 % 
0 . 1 5 2  s ±  8  %
6 . 4  M e a s u re m e n t O f D y n a m ic  T o rq u e
The t h e o r e t i c a l  s t u d ie s  o f  C h a p te rs  2 , 3 a n d  4  a r e  a  v a lu a b le  f i r s t  
s t e p  i n  v e r i f y i n g  th e  c o n t r o l  t h e o r y ,  b u t  i t  i s  e v e n t u a l l y  n e c e s s a r y  
t o  m e a s u re  th e  p h y s i c a l  t o r q u e  re s p o n s e s  o f  a  c o n t r o l l e d  m a c h in e  t o  
s u b s t a n t ia t e  th e  t h e o r y  a nd  t o  t e s t  th e  v a l i d i t y  o f  o u r  s i m p l i f y i n g  
a s s u m p t io n s .  H o w e ve r m e a s u re m e n t o f  s u b - m i l l i s e c o n d  to r q u e  re s p o n s e s  
( b a n d w id th s  i n  e x c e s s  o f  25 0  H z ) i s  n o t  a s im p le  t a s k  (PAYN 1 9 9 1 ) .  
C a r e f u l  c o n s id e r a t i o n  r e v e a ls  o n ly  t h r e e  m e th o d s  o f  d y n a m ic a l l y  
m o n i t o r in g  t o r q u e ,  th e s e  b e in g  b a s e d  o n : -
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a )  m e c h a n ic a l  m easu rem en ts ,
b )  a n g u la r  a c c e l e r a t i o n  m e a s u re m e n ts , o r
c )  th e  Vector product o f  f l u x / f l u x  l in k a g e  an d  c u r r e n t  space 
vectors i n s id e  th e  m a c h in e .
I n  o r d e r  t o  k e e p  t h i s  d is c u s s io n  g e n e r a l ,  we s h a l l  now  d e f in e  th e  
b o u n d a r ie s  o f  th e  m e a s u re m e n t f o r  a t y p i c a l  t e s t  r i g  s e t  u p . F i r s t  
assum e th e  i n d u c t i o n  m a c h in e  r a t i n g s  t o  be  a p p r o x im a te ly  7 . 5  kW, 1500
rpm , g i v i n g  a m e c h a n ic a l  t o r q u e  o f  a b o u t  50  Nm. W ith  a  r o t o r  i n e r t i a
2
o f  t y p i c a l l y  0 .0 5  kgm , t h i s  g iv e s  u s  a  r a t e d  a n g u la r  a c c e l e r a t i o n  o f  
2
1000 r a d s / s e c  . U n d e r t r a n s i e n t  c o n d i t i o n s ,  we w i l l  assum e th e  p e a k
to r q u e  t o  r i s e  t o  f i v e  t im e s  r a t e d  (2 5 0  N m ), g i v i n g  a p e a k  a n g u la r
2
a c c e l e r a t i o n  o f  500 0  r a d s / s e c  . I t  i s  d e s i r a b le  t o  m e a s u re  a n g u la r  
a c c e l e r a t i o n  ( t o r q u e )  t o  a n  e r r o r  o f  1 % o r  le s s  o f  t h i s  p e a k  i . e .  50  
r a d s / s e c  ( o r  5 % o f  th e  r a t e d  a c c e l e r a t i o n / t o r q u e ) .
S e c o n d ly ,  th e  s m a l l  s i g n a l  t o r q u e  p e r fo rm a n c e  o f  schem es s u c h  a s  
vector control i s  t h e o r e t i c a l l y  o n ly  l i m i t e d  b y  th e  i n v e r t e r  s w i t c h in g  
f r e q u e n c y  ( a t  lo w  s p e e d s ) ,  and  so  t h e  t o r q u e  re s p o n s e  w i l l  h a v e  
c o m p o n e n ts  a t  t h i s  f r e q u e n c y .  S m a ll  i n v e r t e r s  a r e  now  e x c e e d in g  20  kH z 
s w i t c h in g  f r e q u e n c ie s  (a n d  h ig h e r  w i t h  r e s o n a n t  DC l i n k s ) ,  so  i d e a l l y  
we w is h  t o  m e a s u re  to r q u e  f r e q u e n c ie s  t o  20  kH z an d  a b o v e  ( r e q u i r i n g  a 
m in im um  25 ps s a m p l in g ) .
The a d v a n ta g e s  and  d is a d v a n ta g e s  o f  e a c h  to r q u e  m e a s u re m e n t m e th o d  
s h a l l  now  b e  d is c u s s e d  i n  d e t a i l ,  t o g e t h e r  w i t h  f i n a l  c o n c lu s io n s .
6 . 4 . 1  m e c h a n ic a l  l i m i t a t i o n s
O f c o u r s e  th e  t o r q u e  b a n d w id th  r e f e r r e d  t o  i s  i d e a l i s e d ,  i n  t h a t  i t  i s
th e  b a n d w id th  f o r  p r o d u c t io n  o f  e le c t r o m a g n e t ic  t o r q u e  (M ) a t  th e
E
r o t o r  p e r i p h e r y .  As i s  w e l l  kn o w n , t h e  u s e f u l  m e c h a n ic a l  t o r q u e
(M ) o n ly  becom es a v a i l a b l e  a f t e r  th e  i n t r i n s i c  t o r q u e  (M ) i s  
S H A F T  E
f i l t e r e d  th r o u g h  th e  r o t o r  la m in a t io n s ,  c o u p l in g s ,  s h a f t s ,  i n e r t i a s  
a n d  m o u n t in g  f r a m e s  -  a l l  m o re  o r  l e s s  f l e x i b l e .  T h e s e  m e c h a n ic a l
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f i l t e r s  a r e  u n l i k e l y  t o  h a v e  b a n d w id th s  much a b o v e  2 5 0  H z, f a r  s h o r t  
o f  t h a t  o f  t h e  e le c t r o m a g n e t ic  s y s te m .
F o r  e x a m p le , i f  o u r  t e s t  r i g  AC an d  DC m a c h in e s  w e re  rigidly c o u p le d  
t h r o u g h  0 .5  m o f  a n o r m a l ly  s iz e d  s h a f t  l o n g i t u d i n a l l y ,  th e  m e c h a n ic a l 
r e s o n a n t  f r e q u e n c y  o f  th e  s y s te m  w o u ld  be  j u s t  1 9 4 .5  Hz (s e e  A p p e n d ix  
K f o r  a f u l l  d e s c r i p t i o n ) .  T h is  w o u ld  r u l e  o u t  a n y  a t te m p te d  d y n a m ic  
t o r q u e  m e a s u re m e n t u s in g  th e  DC m a c h in e  b e c a u s e  o f  t h e  s h a rp  r o l l  o f f  
o f  th e  o u t p u t  m a g n itu d e  a b o v e  th e  r e s o n a n t  f r e q u e n c y ,  a n d  th e  la r g e  
o s c i l l a t i o n s  a t  re s o n a n c e , q u i t e  a p a r t  f r o m  o t h e r  l i m i t a t i o n s ,  s u c h  a s  
i t s  3 . 3  ms to r q u e  r i p p l e ,  t h e  a r m a tu r e  t im e  c o n s ta n t ,  and  n o is e  f r o m  
th e  c o m m u ta to r .
S im i l a r  c o n s id e r a t io n s  r u l e  o u t  th e  u s e  o f  an  i n - l i n e  t o r q u e  
t r a n s d u c e r ,  f o r  i t s  e x t r a  r e l a t i v e  t o r s i o n a l  f l e x i b i l i t y  w o u ld  f u r t h e r  
re d u c e  th e  r e s o n a n t  f r e q u e n c y  o f  th e  s y s te m  (HANTEL 1 9 8 8 ) .  M o re o v e r ,  
g o o d  t r a n s d u c e r s  a r e  v e r y  e x p e n s iv e  (DONCHEV 1 9 8 6 , GEYSEN 1 988 , 
VANDENPUT 1 9 8 8 ) .
An a p p a r e n t ly  a t t r a c t i v e  a l t e r n a t i v e  was t o  m o u n t th e  i n d u c t i o n  
m a c h in e  i n  gimbals on  a s w in g in g  f r a m e , and  m e a s u re  th e  r e a c t io n  
to r q u e  o n  th e  s t a t o r  w i t h  a lo a d  c e l l .  I f  n e c e s s a r y  a f l y w h e e l  c o u ld  
be  m o u n te d  o n  th e  r o t o r  s h a f t  c lo s e  t o  i t s  b o d y  t o  in c r e a s e  th e  r o t o r  
i n e r t i a .  H o w e ve r a n a l y s is  r e v e a le d  (A p p e n d ix  L )  t h a t  th e  d e f l e c t i o n  o f  
a t y p i c a l  lo a d  c e l l  w o u ld  a lo n e  r e s u l t  i n  a m e c h a n ic a l  r e s o n a n t  
f r e q u e n c y  o f  131 H z, e v e n  b e f o r e  a n y  o t h e r  c o m p l ia n c e s  w e re  a l lo w e d  
f o r .  M o re o v e r ,  t h i s  d e s ig n  w o u ld  a ls o  b e  c o m p le x  t o  im p le m e n t.
T h u s  no  d i r e c t  m e c h a n ic a l  schem es w o u ld  p r o v id e  th e  n e c e s s a r y  to r q u e  
m e a s u re m e n t f o r  m a c h in e s  o f  t h i s  r a t i n g .
6 . 4 . 2  a n g u la r  a c c e l e r a t i o n  m e a s u re m e n t
W ith  th e  d i r e c t  m e c h a n ic a l  m e th o d s  b e in g  r e j e c t e d  b e c a u s e  o f  th e  
m e c h a n ic a l  l i m i t a t i o n s ,  t h e  m o s t p l a u s ib l e  p h y s i c a l  s t a t o r  to r q u e  
m e a s u re m e n t schem e w o u ld  be  b a s e d  o n  th e  m e a s u re m e n t o f  a n g u la r  
a c c e l e r a t i o n  o f  th e  r o t o r  s h a f t  i n t o  a kn ow n  i n e r t i a .  T h e n  b y  u s in g
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e q u a t io n  6 . 1, th e  m e c h a n ic a l  to r q u e  c o u ld  b e  c a l c u la t e d  a t  th e  a n g u la r  
a c c e l e r a t i o n  u p d a te  i n t e r v a l .
M = J  ftiu)  ( 6 . 1 )
s h a f t  d t  R
T h is  a ssu m e s th e  e n c o d e r  t o  be  m o u n te d  t o  t h e  r o t o r  s h a f t  w i t h  a 
s u f f i c i e n t l y  h ig h  m e c h a n ic a l  r e s o n a n t  f r e q u e n c y ,  a s  d is c u s s e d  i n  
s e c t i o n  6 . 2 . 1  a n d  6 . 4 . 1 .  I n  a d d i t i o n  we w i l l  assum e t h a t  th e  e n c o d e r  
h a s  6 0 0 0  l i n e s  (M ) a n d  th e  e d g e  j i t t e r / s c a t t e r  o n  e a c h  c h a n n e l p u ls e  
i s  ± 8 °  (o n e  s ta n d a r d  d e v i a t i o n ) ,  a s s u m in g  o n e  p u ls e  t o  be  3 6 0 °  
( e l e c t r i c a l ) .  T h is  e q u a te s  t o  a n  a c c u r a c y  o f  5 a r c  s e c o n d s .
6 . 4 . 2 . 1  f r e q u e n c y  c o u n te r  schem e (A p p e n d ix  N a n d  0 )
I n  t h i s  s y s te m  th e  t r a n s i t i o n  i n  th e  s h a f t  e n c o d e r  c h a n n e l o u t p u t s  a r e  
e l e c t r o n i c a l l y  c o u n te d  i n  some f i x e d  g a te  t im e  i n t e r v a l  -  i t  i s  a 
f r e q u e n c y  c o u n te r .  B y  d r i v i n g  th e  e l e c t r o n i c  c o u n t e r  f r o m  b o th  
p o s i t i v e  an d  n e g a t iv e  t r a n s i t i o n s  i n  b o th  th e  I  a n d  Q c h a n n e l w ave 
fo r m s ,  on e  s h a f t  r e v o l u t i o n  w o u ld  e q u a l f o u r  t im e s  M c o u n ts ,  i f  i t  
w e re  n o t  i n t e r r u p t e d .
B y  i n s t a l l i n g  a g a t i n g  c i r c u i t  w h ic h  m e a s u re s  t h e  c o u n ts  (N ) b e tw e e n  
s u c c e s s iv e  g a te  i n t e r v a l s  (T )  we c a n  c a l c u la t e  th e  a n g u la r  
a c c e l e r a t i o n  (w ) f r o m : -
R
2 7 1
R E S T I M A T E  ~~ 4MT
N NK K-l 2
r a d s / s e c  ( 6 . 2 )
w h e re  K i s  an  i n c r e a s in g  i n t e g e r .  H e re  T i s  a f i x e d  t im e  p e r io d .
T h e re  a r e  t h r e e  m a in  s o u rc e s  o f  e r r o r : -
a )  c o u n t  e r r o r  (N ) ,  t h i s  w i l l  a lw a y s  be  i n  e r r o r  b y  a m axim um  o f
±1,
b )  th e  t im e r  c lo c k  t im in g  e r r o r *  (c r ) , and
c )  th e  e n c o d e r  c h a n n e l e d g e  j i t t e r / s c a t t e r  t i m i n g  e r r o r  ( L ) .
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U s in g  p r o b a b i l i t y  an d  s t a t i s t i c a l  a n a l y s is  we f i n d  th e  c o u n t  e r r o r  t o  
d o m in a te ,  an d  t o  be  i n v e r s e l y  p r o p o r t i o n a l  t o  th e  n u m b e r o f  e n c o d e r  
l i n e s  (M ). The c o m b in e d  rm s  e r r o r  f o r  d i f f e r e n t  to r q u e  u p d a te
i n t e r v a l s  i s  show n i n  F ig u r e  0 . 4  (A p p e n d ix  0 )  a s s u m in g  a n  a d e q u a te
2
t im e r  a c c u r a c y .  F o r  a 50  r a d s / s e c  e r r o r ,  t h i s  te c h n iq u e  w o u ld  a l lo w  a 
t o r q u e  u p d a te  t im e  i n t e r v a l  o f  a ro u n d  3 - 4  ms, w h ic h  e q u a te s  t o  a 
m axim um  to r q u e  f r e q u e n c y  c o m p o n e n t o f  a  fe w  h u n d re d  H z, w h ic h  w o u ld  be  
in a d e q u a te  f o r  o u r  p u rp o s e s !  H ence  t h i s  schem e w as r e je c t e d .  A 
d e t a i l e d  a n a l y s is  c a n  be  fo u n d  i n  A p p e n d ic e s  N an d  0 .
6 . 4 . 2 . 2  t im e r  c o u n te r  schem e (A p p e n d ix  P an d  Q)
I n  t h i s  s y s te m  a s u i t a b l e  f a s t  c o u n te r  m e a s u re s  t h e  t im e  i n t e r v a l  
b e tw e e n  on e  o r  m ore  t r a n s i t i o n s  b e tw e e n  o u tp u t s  o f  th e  s h a f t  e n c o d e r  
o n  o n e  c h a n n e l o n ly  ( f o r  im p ro v e d  a c c u r a c y ) .  H e re  th e  n u m b e r o f  c o u n ts  
i s  e x a c t ,  a n d  t h e  e r r o r s  i n  th e  t im in g  a r e  du e  t o  th e  t im e r  c lo c k  
a c c u r a c y  a nd  th e  e n c o d e r  c h a n n e l ed g e  j i t t e r / s c a t t e r .  B o th  e r r o r s  a re  
in d e p e n d e n t  o f  th e  n u m b e r o f  e n c o d e r  l i n e s .  T he  t im e r  c lo c k  a c c u r a c y  
c a n  be  in c r e a s e d  b y  u s in g  f a s t e r  c lo c k s ,  a nd  i t  i s  t h e  e n c o d e r  edge  
j i t t e r / s c a t t e r  w h ic h  d o m in a te s  th e  e r r o r .  The s t a t i s t i c a l l y  c o m b in e d  
rm s e r r o r  i s  show n i n  F ig u r e  Q .1 (A p p e n d ix  Q ).
T h e re  i s  a  f a c t o r  o f  a p p r o x im a te ly  t h r e e  im p ro v e m e n t o v e r  th e
f r e q u e n c y  c o u n te r  schem e a n d  w o u ld  a l lo w  a 1 ms to r q u e  u p d a te  w h ic h  
c o r r e s p o n d s  t o  a m aximum to r q u e  f r e q u e n c y  co m p o n e n t o f  j u s t  5 0 0  Hz, 
w h ic h  may be  a d e q u a te  f o r  some a p p l i c a t i o n s .
Im p ro v e m e n ts  c a n  be  o b ta in e d  b y  c a l i b r a t i n g  th e  e n c o d e r  c h a n n e l e d g e  
j i t t e r / s c a t t e r  u s in g  th e  e n c o d e r  p o s i t i o n  m a rk e r  p u ls e ,  t o g e t h e r  w i t h  
i n c r e a s in g  t h e  t im e r  a c c u r a c y .
A fu n d a m e n ta l  im p ro v e m e n t i n  th e s e  e r r o r s  c a n  b e  made i f  we w e re  t o
u s e  e v e r y  p ie c e  o f  a v a i l a b l e  e n c o d e r  i n f o r m a t i o n ,  a n d  t h a t  we w e re  t o
p r o c e s s  t h i s  d a ta .  Im a g in e  t h a t  we h a d  a n  i d e a l  m e a s u re m e n t s y s te m  
w h ic h  c o u ld  r e c o r d  t h e  t im in g  o f  e v e r y  t r a n s i t i o n  p ro d u c e d  b y  th e  
e n c o d e r .  A t  a  c o n s ta n t  v e l o c i t y ,  th e s e  p l o t s  w o u ld  fo r m  a  s t r a i g h t  
l i n e  w i t h i n  t h e  a c t u a l  g a te  t im e  i n t e r v a l  ( T ) .  A m ean s q u a re  f i t  t o
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th e s e  p o i n t s  w o u ld  e s t im a t e  t h e  v e l o c i t y  w i t h  im p ro v e d  a c c u r a c y  f r o m  
th e  g r a d ie n t .  A d i f f e r e n c e  b e tw e e n  s u c c e s s iv e  g a te s  w i l l  e s t im a t e  th e  
a c c e le r a t i o n .
I n c lu d in g  th e s e  te c h n iq u e s  we c a n  a c h ie v e  a t o r q u e  u p d a te  e v e r y  0 .5  ms 
a b o v e  lo w  s p e e d s . T h is  w o u ld  s t i l l  l i m i t  th e  m e a s u re d  to r q u e  f r e q u e n c y  
t o  a maximum o f  1 kH z . Im p le m e n ta t io n  w o u ld  r e q u i r e  a f a s t  and  
d e d ic a t e d  m ic r o p r o c e s s o r  s y s te m , w h ic h  may a ls o  in c lu d e  th e  
c a l i b r a t i o n  schem e. A l t e r n a t i v e l y  t h e  d a ta  c o u ld  be  s t o r e d  an d  
p ro c e s s e d  l a t e r ,  o f f - l i n e .
6 . 4 . 2 . 3  o b s e r v e r  te c h n iq u e
T h is  s y s te m  i s  c o n s id e r e d  h e re  b e c a u s e  o f  i t s  r e l a t i v e  m e r i t s ,  
a l t h o u g h  a d e t a i l e d  a n a ly s is  h a s  n o t  b e e n  u n d e r ta k e n  d u r in g  th e  p e r io d  
o f  th e  p r e s e n t  w o rk . T he  s y s te m  r e p r e s e n t s  th e  im p le m e n ta t io n  o f  an  
o b s e r v e r  o f  th e  i n d u c t i o n  m a c h in e , f r o m  w h ic h  we c a n  d e te r m in e  th e  
a c c e le r a t i o n .
C o n s id e r  th e  t h i r d  o r d e r  p h a s e  lo c k e d  lo o p  (P L L ) s y s te m  show n  i n  
F ig u r e  6 . 2 .  I t  i s  v i s u a l i s e d  h e re  i n  a n a lo g u e  fo r m ,  b u t  a d i g i t a l  
e q u i v a le n t  c a n  a ls o  be  c o n c e iv e d .
The  lo o p  c o n s is t s  o f  a v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  (VCO) w h ic h  
p ro d u c e s  a  d i g i t a l  p u ls e  t r a i n  w i t h  a f r e q u e n c y  p r o p o r t i o n a l  t o  a n  
a p p l ie d  c o n t r o l  v o l t a g e .  When th e  lo o p  i s  i n  lo c k ,  th e  p u ls e  t r a i n
g e n e r a te d  b y  th e  c o n t r o l l e d  o s c i l l a t o r  m a tc h e s  th e  s h a f t  e n c o d e r  
o u t p u t ,  a n d  t r a c k s  a n y  v a r i a t i o n  i n  t h a t  e n c o d e r .  I f  t h e  ra n g e  o f  
s p e e d s  i s  f r o m  15 rpm  t o  1500  rp m , th e n  f o r  a 6 0 0 0  l i n e  e n c o d e r  th e
f r e q u e n c y  ra n g e  o f  t h e  o s c i l l a t o r  m u s t be  f r o m  1 .5  kH z  t o  150 kH z
(w h ic h  i s  c o m f o r t a b ly  w i t h i n  th e  ra n g e  o f  p r a c t i c a l  d i g i t a l  c i r c u i t s ) .
* *
The VCO a c t u a l l y  c r e a t e s  tw o  c h a n n e ls ,  I  a n d  Q a n a lo g o u s  t o  th e  I  
a n d  Q c h a n n e ls  c r e a t e d  b y  th e  s h a f t  e n c o d e r .
P h a se  s e n s i t i v e  d e t e c t io n  (PSD) i s  b y  tw o  E X-0R  g a te s  ( F ig u r e s  6 . 2  a n d
* *
6 . 3 ) .  One g a te  i s  f e d  b y  I  an d  Q , th e  o t h e r  b y  I  an d  Q ( t h e
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c o m p le m e n t o f  Q ) . The EX-OR o u t p u t s  a r e  summed th r o u g h  a n  OP-AMP o r  
e q u iv a le n t .  I f  th e  EX-OR o u t p u t  s w i t c h e s  b e tw e e n  l e v e l s  +A a n d  -A  
v o l t s  th e n  a n  a v e ra g e  e r r o r  v o l t a g e  i s  g e n e ra te d  w i t h  a  v a lu e  b e tw e e n  
th e s e  u p p e r  a n d  lo w e r  l i m i t s .  I n  e q u i l i b r i u m  th e  a v e ra g e  EX-OR o u tp u t s
*  /s*  o
a r e  z e r o ,  w i t h  th e  Q c h a n n e l la g g in g  I ,  a n d  I  l a g g in g  Q b y  90  . 
A l t h o u g h  th e  EX-OR o u tp u t s  a r e  b o th  z e r o  on  a v e ra g e , t h e y  i n d i v i d u a l l y  
p ro d u c e  d o u b le  f r e q u e n c y  c o m p o n e n ts  ( F ig u r e  6 . 3 ) .  H o w e ve r sum m ing  th e  
tw o  EX-ORs c a n c e ls  o u t  t h i s  f r e q u e n c y  c o m p o n e n t.
F IG  6 . 2  B L O C K  D IA G R A M  F O R  O B S E R V E R  S Y S T E M
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T h is  i s  a v e r y  im p o r t a n t  p o i n t .  I t  m eans t h a t  no  h ig h  f r e q u e n c y  
m o d u la t io n  i s  f e d  i n t o  t h e  r e s t  o f  th e  PLL e s t im a t o r ,  w hen  th e  lo o p  i s  
lo c k e d  u p .
T he  r e s t  o f  t h e  P LL  show s t h a t  t h e  e r r o r  v o l t a g e  f r o m  th e  c o m b in e d  
EX-OR o u t p u t s  fe e d  t h e  VCO c o n t r o l  i n p u t  a n d  tw o  b a c k  u p  i n t e g r a t o r s  
a s  sh o w n , th r o u g h  g a in s  K l ,  K2 a n d  K 3 .
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FIGURE 6 . 3  P h ase  s e n s i t i v e  d e t e c t i o n  u n d e r  lo c k
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Now, th e  o u t p u t  f r o m  th e  s e c o n d  i n t e g r a t o r  b e fo r e  th e  VCO i s  th e  
a c c e l e r a t i o n  e s t im a t e ,  a n d  f r o m  th e  f i r s t  i n t e g r a t o r  th e  v e l o c i t y  
e s t im a t e .
W hat i s  m o re , th e  s y s te m  c a n  t r a c k  a c c e le r a t i o n s  w i t h  z e r o  e r r o r  
( a f t e r  a s e t t l i n g  t im e ) .  I f  we im a g in e  a s u s ta in e d  a c c e l e r a t i o n  a t  th e  
i n p u t  s h a f t ,  th e  PLL c a n  s e t t l e  w i t h  th e  s e c o n d  i n t e g r a t o r  o u t p u t  a 
c o n s t a n t ,  th e  f i r s t  i n t e g r a t o r  o u t p u t  a  ram p , j u s t  a s  r e q u i r e d .
The g r e a t  a d v a n ta g e  o f  t h i s  a r ra n g e m e n t i s  e f f e c t i v e l y  t h a t  e v e r y  
p u ls e  i s  b e in g  u s e d  t o  p r o v id e  t h e  t im in g .  T h e re  i s  n o  e x p l i c i t  
m e a s u re m e n t o f  e n c o d e r  t im in g  e d g e s  a s  i n  th e  tw o  e n c o d e r  sch e m e s . The 
P LL s y s te m  m o d e ls  th e  m o to r ,  a n d  s in c e  th e  a c c e l e r a t i o n  i s  i n  th e  
m o d e l, th e  a c c e l e r a t i o n  i s  kn o w n  t o  an  a c c u r a c y  l i m i t e d  b y  th e  
s t a b i l i t y  o f  th e  lo o p  c o m p o n e n ts  ( d e t e c t o r ,  o s c i l l a t o r  an d  
i n t e g r a t o r s ) .  Edge j i t t e r  p ro d u c e s  ‘ n o i s e ’ , w h ic h  w i l l  g i v e  r i s e  t o  a n  
e r r o r .
6 . 4 . 3  v e c t o r  p r o d u c t  s t r a t e g y
F ro m  C h a p te r  2 , s e c t i o n  2 . 4 ,  we h a v e  o b s e rv e d  t h a t  t h e  e l e c t r i c a l  
t o r q u e  a t  t h e  r o t o r  p e r ip h e r y  i s  p r o p o r t i o n a l  t o  th e  vector cross 
product o f  th e  r o t o r  o r  s t a t o r  c u r r e n t  space vector a n d  th e  s t a t o r ,  
a i r  g a p  o r  r o t o r  f l u x / f l u x  l in k a g e  space vector .
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B y m e a s u r in g  th e  s t a t o r  p h a s e  c u r r e n t s ,  we c a n  o b t a i n  th e  s t a t o r  
c u r r e n t  space vector ( u s in g  th e  t h r e e  t o  tw o  p h a s e  t r a n s f o r m a t io n s  o f  
C h a p te r  2 , s e c t io n  2 . 2 . 2 ) .  S i m i l a r l y  b y  i n s e r t i n g  s e a r c h  c o i l s  o r  H a l l  
p ro b e s  i n s id e  th e  m a c h in e  ( s e c t io n  6 . 2 . 2 ) ,  we c a n  m e a s u re  th e  s t a t o r  
o r  a i r  g a p  f l u x / f l u x  l in k a g e  space vector. The  to r q u e  c a n  be 
c a l c u la t e d  i n  a n y  r e f e r e n c e  f r a m e  (h e r e  th e  s t a t i o n a r y  o n e  i s  e a s ie s t )  
f r o m  e q u a t io n s  6 . 3 ,  6 . 4  a n d  6 .5 ,  w h e re  0  r e p r e s e n t s  th e  s t a t o r  o r
—S / AG
a i r  g a p  f l u x  l in k a g e  space vector. N o te  t h a t  th e  c u r r e n t  a n d  f l u x  
r e f e r e n c e  f r a m e s  m u s t be  i n  a l ig n m e n t .
Y r t H J  (6- 3)
T h is  c a n  be  e x p a n d e d  t o : -
M = K [ ( i  + j i  ) x  (0  + j 0  ) ]  ( 6 . 4 )
E SD SQ S/AGD ^ S / A G Q
M = K [ i 0  - i 0 ]  ( 6 . 5 )
E SD S/AGQ SQ S/AGD
U n d e r  s te a d y  s t a t e  no  lo a d  c o n d i t i o n s ,  t h e  f l u x  a n d  c u r r e n t  c o m p o n e n ts  
w i l l  b e  a t  t h e  s u p p ly  f r e q u e n c y ,  w i t h  th e  i  an d  0  space vectors
—S —S /  AG
n e a r l y  0 °  a p a r t .  The tw o  s e p a r a te  p r o d u c t  te rm s  w i l l  c o n s i s t  o f  la r g e  
o s c i l l a t i o n s  a t  t w ic e  t h e  s u p p ly  f r e q u e n c y ,  an d  t h e  t o r q u e  w i l l  be  th e  
n u m e r ic a l  d i f f e r e n c e  b e tw e e n  tw o  la r g e  te rm s  w h o se  o s c i l l a t o r y  
c o m p o n e n ts  c a n c e l .  A ny  o f f s e t s  o r  a m p l i t u d e  e r r o r s  b e tw e e n  th e  D a n d  Q 
c o m p o n e n ts  w i l l  r e s u l t  i n  in c o m p le te  c a n c e l l a t i o n ,  a n d  t h e  to r q u e  ( o r  
r e l e v a n t  space vector ) w i l l  h a v e  a n  o s c i l l a t o r y  c o m p o n e n t (KAMERBEEK 
1 9 7 4 , L IP O  1 9 8 8 , PLUNKETT 1 9 7 7 ) .  F o r  th e s e  re a s o n s  a  d i g i t a l  
im p le m e n ta t io n  i s  p r e f e r a b le  t o  a n a lo g u e ,  m o re o v e r  a n a lo g u e  a m p l i f i e r s  
a r e  c o m p le x  t o  a d ju s t  a n d  te n d  t o  d r i f t  w i t h  t im e  a n d  te m p e r a tu r e .
As w i l l  be  d is c u s s e d  i n  C h a p te r  7 , a d i g i t a l  im p le m e n ta t io n  was 
d e v e lo p e d ,  w i t h  t h e  c u r r e n t  a n d  f l u x  b e in g  s a m p le d  e v e r y  0 .1  ms (1 0  
k H z ) .
The s c a l i n g  c o n s ta n t  K c a n  be  c a l c u la t e d  t o  be  ( 2 / 3 )  ( C h a p te r  2 , 
s e c t i o n  2 . 4 , 1 ) ,  b u t  i n  t h i s  c a s e  i t  w as o b ta in e d  b y  c o m p a r in g  th e  
s te a d y  s t a t e  t o r q u e  p r e d i c t e d  f r o m  e q u a t io n  6 .5  w i t h  t h a t  c a l c u la t e d  
f r o m  a DC m a c h in e  lo a d in g  th e  i n d u c t i o n  m a c h in e  (C h a p te r  8 , s e c t i o n  
8. 2)
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6 . 4 . 4  summary
M e a s u r in g  s u b - m i l l i s e c o n d  to r q u e  re s p o n s e s  i s  n o t  a n  e a s y  ta s k .  
E x c e l l e n t  r e s u l t s  f o r  th e  e l e c t r i c a l  t o r q u e  c a n  be  o b t a in e d  u s in g  th e  
vector product strategy, b u t  t h i s  n e c e s s i t a t e s  m o d i f y in g  t h e  m a c h in e . 
The m e c h a n ic a l  t o r q u e  re s p o n s e  i s  b e s t  m e a s u re d  f r o m  a n g u la r  
a c c e l e r a t i o n  u s in g  th e  t im e r  c o u n te r  e n c o d e r  schem e , b u t  t h i s  i s  
c o m p le x  an d  th e  p e r fo rm a n c e  i s  l i m i t e d .  Use o f  s m a l l  i n e r t i a  m a c h in e s  
w o u ld  l i m i t  th e  a p p l i c a t i o n s  o f  t h i s  m e th o d  due  t o  a c c e l e r a t i o n  e r r o r .  
I n v e s t i g a t i o n s  a r e  s t i l l  c o n t i n u in g  i n t o  th e  u s e  o f  a s im p le  P LL 
o b s e r v e r  te c h n iq u e .  I t  i s  a p p a r e n t  t h a t ,  e v e n  i f  t h e  m a c h in e  c a n  
d e l i v e r  to r q u e  b a n d w id th s  o f  s e v e r a l  kH z , t o  e n a b le  t h i s  t o  b e  u s e d  
w i l l  r e q u i r e  v e r y  c a r e f u l  m e c h a n ic a l  d e s ig n  c o n s id e r a t i o n  o f  th e  
m a c h in e  an d  c o u p l in g !
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7 ELECTRICAL DESIGN CONSIDERATIONS
T h is  C h a p te r  d e t a i l s  th e  h a rd w a re  a n d  s o f t w a r e  c o n t r o l l e r  s y s te m  
im p le m e n te d  t o  c o m p le m e n t t h e  t e s t  r i g  t o  p r o v id e  a v e r s a t i l e  p ie c e  o f  
r e s e a r c h  e q u ip m e n t.  The f i n a l  s y s te m  im p le m e n ta t io n  i s  a n a ly s e d ,  
t o g e t h e r  w i t h  th e  p ro p o s e d  i n v e r t e r  c o n t r o l  s t r a t e g y .
7 .1  P ro p o s e d  S y s te m
H a v in g  t h e o r e t i c a l l y  d e te r m in e d  t h a t  vector control c a n  p r o v id e  th e  
i d e a l  d y n a m ic  d r i v e  re s p o n s e , e s p e c i a l l y  w hen co m p a re d  t o  scalar 
control, th e  n e x t  a im  o f  t h i s  w o rk  was t o  d e te r m in e  th e  p r a c t i c a l  
l i m i t a t i o n s  t o  th e  a c h ie v a b le  p e r fo rm a n c e  o f  a vector control 
im p le m e n ta t io n .
To s i m p l i f y  th e  p r o j e c t ,  we i n i t i a l l y  in te n d e d  t o  u s e  th e  p o w e r 
s w i t c h in g  s ta g e  f r o m  a  n e w ly  d e v e lo p e d  7 .5  kW, 5 kH z i n v e r t e r  t o  be  
s u p p l ie d  b y  th e  s p o n s o r in g  com pany , SSD L t d .  H o w e ve r a s  th e  p r a c t i c a l  
w o rk  a d v a n c e d , i t  becam e c l e a r  t h a t  th e  5 kH z i n v e r t e r  w o u ld  n o t  be  
a v a i l a b l e  i n  t im e ,  an d  so  th e  d e c i s io n  was made t o  u s e  th e  p o w e r 
s w i t c h in g  s ta g e  f r o m  a s ta n d a r d  1 kH z , 7 .5  kW t r i p l i n g t o n  t r a n s i s t o r  
SSD i n v e r t e r  a l r e a d y  i n  p r o d u c t io n  (5 8 0  s e r i e s ) .  The h a rd w a re  a nd  some 
o f  th e  s o f t w a r e  w e re  s t i l l  d e s ig n e d  f o r  th e  5 kH z i n v e r t e r ,  i n  c a s e  i t  
s h o u ld  becom e a v a i l a b l e  i n  t im e ,  a n d  f o r  th e  p o s s i b i l i t y  o f  f u t u r e  
r e s e a r c h .
The r o t o r  f l u x / f l u x  l in k a g e  r e f e r e n c e  f ra m e  vector controller c h o s e n
f o r  im p le m e n ta t io n  i s  show n  i n  F ig u r e  7 . 1 and  i s  a g e n e r a l  p u rp o s e
s p e e d / p o s i t i o n  c o n t r o l l e r  w i t h  th e  p o s s i b i l i t y  o f  o p e r a t in g  u n d e r
f i e l d  w e a k e n in g . The r o t o r  f l u x  im p le m e n ta t io n  w as c h o s e n  f o r  i t s
s i m p l i c i t y ,  a n d  o t h e r  r e f e r e n c e  f r a m e s  c o u ld  be  u s e d  i n  l a t e r  r e s e a r c h
b y  m o d i f y in g  th e  s o f t w a r e .  The im p le m e n ta t io n  w o u ld  be  a direct schem e
( C h a p te r  5 , s e c t i o n  5 . 2 ) ,  g e n e r a t in g  th e  r o t o r  f l u x  l in k a g e  r e f e r e n c e
fra m e  in f o r m a t i o n  u s in g  a  d y n a m ic  m a c h in e  m o d e l ( w i t h  k n o w le d g e  o f  th e
m a c h in e  r o t o r  t im e  c o n s ta n t  T ) ,  an d  m e a s u r in g  th e  s t a t o r  c u r r e n t s  a n d
R
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th e  s h a f t  sp e e d . The m o d e l u s e d  i s  L e o n h a rd ’ s d y n a m ic  c u r r e n t  f e d  
m a c h in e  m o d e l i n  r o t o r  f l u x  l in k a g e  c o o r d in a te s  (C h a p te r  2 , s e c t i o n  
2 . 3 . 6 ) .  F o r  e x p e r im e n ta t io n ,  s e a rc h  c o i l s  w e re  f i t t e d  t o  th e  i n d u c t i o n  
m a c h in e  to o .  The s y s te m  w o u ld  g e n e r a te  th e  s i x  i n v e r t e r  p o w e r 
s w i t c h in g  s ta g e  PWM d r i v e  s i g n a l  w a v e fo rm s  d i r e c t l y ,  f r o m  k n o w le d g e  o f  
th e  dem anded s t a t o r  v o l t a g e  s p a c e  vector (V g ) .  T h is  i n  t u r n  w o u ld  be  
c a l c u la t e d  w i t h  k n o w le d g e  o f  th e  m a c h in e  p a ra m e te rs  a n d  th e  dem anded 
s t a t o r  c u r r e n t  space vector ( i ^ ) u s in g  th e  s t a t o r  d i f f e r e n t i a l  
e q u a t io n  (C h a p te r  5 , e q u a t io n s  5 .1 5  and  5 . 1 6 ) .  T h u s  c u r r e n t  c o n t r o l  
w o u ld  b e  a c h ie v e d ,  and  th e  s y s te m  w o u ld  a lw a y s  t r a c k  t h e  r e a l  m a c h in e  
b e c a u s e  o f  th e  m e a su re m e n t o f  th e  a c t u a l  t e r m in a l  c u r r e n t s  and  s h a f t  
sp e e d  (direct im p le m e n ta t io n ) .
F IG  7.1 P R O P O S E D  S Y S T E M  B L O C K  D IA G R A M
W ith  in d e p e n d e n t  m e th o d s  o f  to r q u e  ( v e c t o r  product strategy), f l u x  
( s e a r c h  c o i l )  a n d  r o t o r  c u r r e n t  m e a s u re m e n t, t h e  a c t u a l  p h y s i c a l  
vector controllers p e r fo rm a n c e  c o u ld  be  e v a lu a t e d  i n  f u l l  a n d  c o m p a re d  
t o  t h e  t h e o r e t i c a l  m o d e ls . ( T h is  w o u ld  t e s t  t h e  a s s u m p t io n s  u s e d  i n
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C h a p te r  2, s e c t i o n  2 . 2 . 1  i n  d e v e lo p i n g  L e o n h a rd ’ s  dynam ic  m o d e l) .
7 .2 D e s ig n  S t r a t e g y
7 . 2 . 1  d i g i t a l  im p le m e n ta t io n
D e v e lo p m e n t o f  s u c h  a c o m p le x  s y s te m  le a d s  u s  t o  a  d i g i t a l  
im p le m e n ta t io n .  An a n a lo g u e  s y s te m  w o u ld  be  c o m p le x , d i f f i c u l t  t o  
a d j u s t / s e t  up  an d  be  p ro n e  t o  o f f s e t s  an d  d r i f t s  w i t h  t im e .
A t  th e  o n s e t  o f  th e  h a rd w a re  and  s o f t w a r e  d e s ig n  a d e d ic a t e d  
p r o c e s s in g  s y s te m  h a d  t o  be  d e c id e d  u p o n . The c h o ic e  w as b e tw e e n  a 
s ta n d a r d  m ic r o p r o c e s s o r ,  d i g i t a l  s i g n a l  p r o c e s s o r  (DSP) o r  t r a n s p u t e r ,  
o r  a  m ic r o p r o c e s s o r  o r  DSP b a s e d  m i c r o - c o n t r o l l e r .  A t r a n s p u t e r  
a p p ro a c h  w as r u le d  o u t  b e c a u s e  o f  th e  la c k  o f  p a r a l l e l i s m  i n  t h e  
c o n t r o l l e r  d e s ig n  and  b e c a u s e  o f  th e  la c k  o f  i n p u t / o u t p u t  f u n c t io n s  
a v a i l a b l e  (1 9 8 8 ) ,  and  s u p p o r t  a t  th e  U n i v e r s i t y .  A ls o  th e  e x e c u t io n  
t im e  o f  a s i n g le  t r a n s p u t e r  an d  a  DSP w e re  s i m i l a r .  Due t o  th e  la r g e  
a m o u n t o f  i n p u t / o u t p u t  r e q u i r e d  a  m i c r o - c o n t r o l l e r  w o u ld  p ro v e  
a d v a n ta g e o u s ,  a nd  m any h a v e  e x t r a  f a c i l i t i e s  on  b o a rd  s u c h  a s  s o f t w a r e  
t im e r s / c o u n t e r s ,  a d d i t i o n a l  h a r d w a r e /s o f tw a r e  i n t e r r u p t s ,  PWM o u t p u t s ,  
b i t  s e le c t a b le  i n p u t / o u t p u t  p in s ,  s e r i a l  p o r t s  a nd  A /D  c o n v e r t e r s  w i t h  
m u l t i p le x e r s .
W ith  th e  re c o m m e n d a tio n s  o f  SSD L td ,  a  r e c e n t l y  la u n c h e d  f i x e d  p o i n t  
DSP m ic r o  c o n t r o l l e r  was c h o s e n  -  T e x a s  In s t r u m e n t s  TMS320C14, 
h e r e a f t e r  c a l l e d  th e  C 14. T h is  16 b i t  f i x e d  p o i n t  a r i t h m e t i c  d e v ic e  
was b a s e d  o n  th e  TMS320C10 f a m i l y  ( f i r s t  la u n c h e d  i n  1 9 8 3 ) a n d  
f e a t u r e d  a m in im u m  i n s t r u c t i o n  c y c le  o f  160 n s  a n d  a s i n g le  c y c le  
m u l t i p l i c a t i o n .  I t  h a s  s i x  PWM o u t p u t  p in s  an d  a s s o c ia te d  t im e r s ,  
i d e a l  f o r  d r i v i n g  th e  s i x  i n v e r t e r  p o w e r s e m ic o n d u c to r  s w i t c h e s .
The d e v ic e  w h ic h  w as o n ly  in t r o d u c e d  i n  a  p r o t o t y p e  v e r s io n  (V  1 . 0 )  a t  
th e  e n d  o f  1 9 8 8 , w as i n i t i a l l y  o n ly  s u p p o r te d  b y  t h i r d  p a r t i e s  ( i n  
p a r t i c u l a r  L o u g h b o ro u g h  S ound  Im a g e s ) .  The f i r s t  C14 p r o t o t y p e  h a d  
n u m e ro u s  b u g s , w h ic h  made i t  u n s u i t a b le  f o r  t h i s  p r o j e c t .  The  s e c o n d  
a n d  t h i r d  v e r s io n s  w e re  m uch im p ro v e d  ( th o u g h  s t i l l  w i t h  some b u g s )
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a n d  w i t h  r e l a t i v e l y  fe w  work arounds w o u ld  f u n c t i o n  a s  r e q u i r e d  f o r  
t h i s  p r o j e c t .  To d a te  (D e ce m b e r 1 9 9 0 ) th e  f i n a l  b u g  f r e e  v e r s i o n  o f  
th e  d e v ic e  h a s  n o t  b e e n  la u n c h e d ,  a l t h o u g h  i t  i s  e x p e c te d  i n  e a r l y  
1 991 . M any c o m p a n ie s  now s u p p o r t  th e  d e v ic e  ( i n c l u d i n g  T e x a s  
I n s t r u m e n t s ) .
No s y s te m  b o a rd s  s u p p o r t in g  th e  C14 w e re  a v a i l a b l e  i n  1 9 8 8 , an d  so  th e  
d e v ic e  h a d  t o  be  s u p p o r te d  b y  d e s ig n in g  my own h a rd w a re .
S e v e r a l  e a r l i e r  vector drive s y s te m s  i n  th e  l i t e r a t u r e  h a d  u s e d  f a s t
m ic r o p r o c e s s o r s  o r  DSPs ( a l t h o u g h  n o n e  th e  C 1 4 ), i n c lu d i n g  th e  
f o l l o w i n g  ( IWANKE 1 9 8 3 , JACKSON 1 9 8 8 , LESSMEIER 1 9 8 6 ) .  A d is c u s s io n  o n  
t h e  m e r i t s  o f  c h o o s in g  a  m ic r o p r o c e s s o r  o r  DSP f o r  d i g i t a l  c o n t r o l  i s  
c o n ta in e d  i n  th e  f o l l o w i n g  (HANSELMANN 1 987 , KATZ 1 9 8 1 , K O N IS H I 1 9 8 0 ) .
7 . 2 . 2  s a m p l in g  r a t e  and  w o rd  le n g t h
To m o n i to r  th e  m e a s u re d  m a c h in e  s i g n a ls  w i t h  a 5 kH z i n v e r t e r  
s w i t c h in g  f r e q u e n c y  co m p o n e n t ( s t a t o r  an d  r o t o r  c u r r e n t ,  s e a r c h  c o i l  
d a t a )  r e q u i r e s  a s a m p l in g  f r e q u e n c y  o f  a t  l e a s t  t w ic e  t h i s  a t  10 kH z 
( 0 .1  m s) -  w i t h  r e f e r e n c e  t o  N y q u is t ’ s s a m p l in g  th e o re m .
T he  s lo w e r  r e s p o n d in g  s i g n a ls  s u c h  a s  th e  p o s i t i o n  a n d  s p e e d  dem ands
t o g e t h e r  w i t h  th e  f i l t e r e d  DC l i n k  v o l t a g e  an d  c u r r e n t  ( f i l t e r e d  a t  
th e  i n v e r t e r  an d  b y  th e  10 kH z v o l t a g e  t o  f r e q u e n c y  a n d  f r e q u e n c y  t o  
v o l t a g e  c o n v e r s io n  a c r o s s  t h e  i n v e r t e r - c o n t r o l l e r  l i n k )  an d  th e  s h a f t  
s p e e d  a n d  p o s i t i o n  u p d a te  c a n  be  s a m p le d  a t  a  lo w e r  r a t e .  T h is  was 
c h o s e n  h e re  a s  1 kH z ( 1 . 0  m s ) , c o r r e s p o n d in g  t o  a m aximum s ig n a l  
f r e q u e n c y  c o m p o n e n t o f  5 0 0  H z. The  s h a f t  p o s i t i o n  i s  r e a d  e v e r y  1 .0  
ms, s in c e  f a s t e r  s a m p l in g  r a t e s  w o u ld  le a d  t o  o n ly  a s m a l l  c h a n g e  i n  
th e  c o u n t  o f  th e  e n c o d e r  i n t e r f a c e  in t e g r a t e d  c i r c u i t  (C h a p te r  6 , 
s e c t i o n  6 . 2 . 1 ) .  Due t o  th e  m a c h in e  i n e r t i a ,  th e  s p e e d  w i l l  n o t  ch a n g e  
s i g n i f i c a n t l y  u n d e r  r a t e d  c o n d i t i o n s  i n  1 .0  ms, a n d  th e  p o s i t i o n  a nd  
s p e e d  e v e r y  0 .1  ms (1 0  k H z ) c a n  be  c a l c u la t e d  i n  s o f t w a r e  b y  u s in g  
l i n e a r  i n t e r p o l a t i o n  b e tw e e n  th e  s a m p le s .
As s a m p l in g  r a t e s  i n c r e a s e ,  t h e  n e c e s s a r y  d i g i t a l  w ord l e n g t h  m ust
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i n c r e a s e  t o  e n a b le  on e  t o  d i s t i n g u i s h  b e tw e e n  c o n s e c u t iv e  s a m p le s . F o r  
t h i s  r e s e a r c h  s y s te m , we h a v e  c h o s e n  th e  maximum p r a c t i c a l  w o rd  le n g t h  
a c h ie v a b le .  The id e a  b e h in d  t h i s  i s  t h a t  i t  i s  b e t t e r  t o  h a v e  to o  much 
r e s o l u t i o n  w h ic h  c a n  be  re d u c e d  i n  s o f t w a r e  l a t e r ,  r a t h e r  th a n  n o t  
e n o u g h  t o  s t a r t  w i t h .  12 b i t s  i s  p r a c t i c a l l y  th e  b e s t  r e s o l u t i o n  
a c h ie v a b le  ( 0 .0 2  % ), s in c e  a s s u m in g  a ±5 V a n a lo g u e  v o l t a g e  s p a n  t h i s  
c o r r e s p o n d s  t o  a r e s o l u t i o n  o f  2 . 4 mV w h ic h  w o u ld  be  i n d i s t i n g u i s h a b l e  
f r o m  th e  b a c k g ro u n d  n o is e  l e v e ls .  E ven  t h i s  l e v e l  o f  n o is e  w o u ld  be  
d i f f i c u l t  t o  a c h ie v e ,  a n d  c a n  o n ly  be  o b ta in e d  b y  c a r e f u l  l a y o u t  and  
d e s ig n  (KATZ 1 9 8 1 ) .
The e n c o d e r  p o s i t i o n  i n f o r m a t i o n  i s  a l r e a d y  i n  d i g i t a l  fo r m  (C h a p te r  
6 , s e c t i o n  6 . 2 . 1 ) ,  an d  so  i s  a v a i l a b l e  t o  16 b i t  a c c u r a c y ,  an d  a  c o u n t  
o f  2 4 ,0 0 0  r e p r e s e n t s  one  r e v o l u t i o n  ( ± 1 2 ,0 0 0 ) .
F ig u r e  7 .2  show s a t a b le  o f  e a c h  c o n t r o l l e r  i n p u t  w i t h  t h e  m aximum 
s ig n a l  ra n g e  a n d  th e  c o n t r o l l e r  r e s o l u t i o n .
FIGURE 7 .2  I n p u t  s p e c i f i c a t i o n
INPUT RANGE B IT S RESOLUTION
S t a t o r  l i n e  c u r r e n t ± 3 3 .3 3  Amps 12 ± 1 6 .2  mA
R o to r  l i n e  c u r r e n t ± 5 0 .0  Amps 12 ± 2 4 .4  mA
S e a rc h  c o i l  v o l t a g e ± R a te d  F lu x 12 ± 0 .0 5 %  
R a te d  F lu x
P o s i t i o n  D a ta
± 1 2 ,0 0 0  c o u n ts  
p e r  r e v o l u t i o n
16 ± 2 . 6 2 x l0 ~ 4
ra d s
7 . 2 . 3  s y s te m  s p e c i f i c a t i o n
I n  o r d e r  t o  c o m p le m e n t th e  g e n e r a l  p u rp o s e  t e s t  r i g  o f  C h a p te r  6 and  
p ro d u c e  a  f l e x i b l e  p ie c e  o f  r e s e a r c h  e q u ip m e n t w o u ld  r e q u i r e  a 
c o m p u t a t io n a l l y  f a s t  a n d  c o m p le x  s y s te m  d e s ig n .
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T he s e v e n  ( t h r e e  f l u x  a n d  f o u r  c u r r e n t )  f a s t e s t  c h a n g in g  m a c h in e  
v a r i a b le s  w e re  t o  be  s a m p le d  a t  10 kH z ( 0 .1  m s) ( s e c t io n  7 . 2 . 1 ) ,  a n d  
th e  s lo w e r  s i g n a ls  a t  1 kH z ( 1 . 0  m s ). To p r e s e r v e  a common p h a s e  
r e l a t i o n s h i p ,  a l l  th e  s i g n a ls  m u s t be  s a m p le d  an d  h e ld  a t  th e  same 
i n s t a n t ,  re a d y  f o r  p r o c e s s in g .
The f a s t  a n d  s lo w  s e t  o f  in p u t s  a r e  t o  be  m u l t i p le x e d  t o  s e p a r a te  
a n a lo g u e  t o  d i g i t a l  (A /D )  c o n v e r t e r s ,  w h ic h  i n  o r d e r  t o  c o n v e r t  a l l  
t h e  f a s t  s i g n a ls  i n  0 .1  ms (1 0  k H z ) le a v e s  j u s t  1 4 .2  jus p e r  s i g n a l .
To c o m p le m e n t th e  i n p u t  s i g n a l  c o n d i t i o n i n g  we w o u ld  a ls o  l i k e  t o  be  
a b le  t o  o u tp u t  s e v e r a l  v a r i a b le s  f r o m  th e  s y s te m , w i t h  th e  same r a t e  
a n d  a c c u r a c y  a s  we e n t e r  th e m  i . e .  12 b i t ,  0 .1  ms (1 0  k H z ) .  The
o u tp u t s  w o u ld  be  c o n v e r te d  t o  a n a lo g u e  fo r m  u s in g  a  d i g i t a l  t o
a n a lo g u e  (D /A )  c o n v e r t e r .
U s e r  i n p u t s  c o u ld  be  f e d  i n t o  th e  s y s te m  e v e r y  1 .0  ms (1  k H z ) f r o m  
th r e e  m u l t i - t u r n  p o t e n t io m e t e r s ,  n o m in a l l y  t o r q u e ,  s p e e d  and  p o s i t i o n  
dem ands.
To p u rc h a s e  e q u ip m e n t c a p a b le  o f  p e r f o r m in g  th e s e  ta s k s  w i t h  th e  
d e s i r e d  n u m b e r o f  c h a n n e ls  a n d  s p e e d , w o u ld  h a v e  c o s t  o v e r  £. 5 0 0 0  i n  
1 9 8 8 , w h ic h  w as f a r  b e y o n d  o u r  l i m i t e d  b u d g e t ( f o r  th e  e n t i r e  
p r o j e c t ) .  T he  d e c i s io n  w as t h e r e f o r e  ta k e n  t o  d e s ig n  an d  b u i l d  th e  
n e c e s s a r y  h a rd w a re  a s  w e l l  a s  w r i t e  th e  n e c e s s a ry  s o f t w a r e .
7 . 2 . 4  t o p  l e v e l  d e s ig n
A m a jo r  s y s te m  d e s ig n  ch a n g e  w as t h a t  a  s ta n d a r d  1 kH z  i n v e r t e r  w as t o
be  u s e d  i n  p la c e  o f  th e  d e s i r e d  5 kH z o n e .
The  o v e r a l l  s y s te m  c o n t r o l l e r  d e s ig n  s t r a t e g y  w as t o  r u n  tw o  c o n t r o l  
lo o p s  i n  p a r a l l e l ,  o n e  e v e r y  0 .1  ms (1 0  k H z ) a n d  th e  o t h e r  e v e r y  1 ms 
(1  k H z ) ,  e a c h  w i t h  t h e i r  own d e d ic a t e d  A /D  c o n v e r t e r .
The  0 .1  ms (1 0  k H z ) lo o p  w o u ld  m o n i t o r  th e  f a s t  c h a n g in g  i n p u t s  a n d  
c a l c u la t e  th e  m a c h in e  m o d e l v a r i a b le s  i n c lu d i n g  t h e  r o t o r  f l u x  space
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vector r e f e r e n c e  f ra m e  i n f o r m a t i o n ,  an d  o u tp u t  a n y  d a ta  t o  th e  D /A . I n  
t h e  same c y c le  th e  t o r q u e  u s in g  th e  vector product strategy ( C h a p te r
6 , s e c t i o n  6 . 4 . 3 )  an d  f l u x  w o u ld  be  c a l c u la t e d  f o r  c o m p a r is o n  w i t h  th e  
m o d e l’ s  (s e e  C h a p te r  8 ) .
T he  1 ms (1  k H z ) lo o p  m o n i to r e d  th e  s lo w e r  c h a n g in g  in p u t s  a n d  
g e n e r a te d  th e  new  s t a t o r  c u r r e n t  space vector dem and ( i g )  f o r  th e  n e x t
1 ms ( T iN y ) i n v e r t e r  s w i t c h in g  c y c le  b y  c o m p a r in g  th e  dem anded 
p o s i t i o n / s p e e d  a nd  f l u x  w i t h  th e  fe e d b a c k  q u a n t i t i e s .  The s t a t o r  
v o l t a g e  space vector dem and (V  ) w o u ld  be  c a l c u la t e d  fo r m  t h i s  (s e e  
C h a p te r  5 , s e c t i o n  5 . 6 )  t o g e t h e r  w i t h  th e  n e x t  1 .0  ms ( T IN y) i n v e r t e r  
PWM s w i t c h in g  c y c le  i n f o r m a t io n .
The  s w i t c h in g  i n f o r m a t i o n  w o u ld  be  lo a d e d  i n t o  th e  in d e p e n d e n t  C14 PWM 
p o w e r s w i t c h in g  i n v e r t e r  d r i v e  o u t p u t  r o u t in e ,  o p e r a t in g  a u t o m a t i c a l l y  
o v e r  th e  f o l l o w i n g  1 .0  ms i n v e r t e r  s w i t c h in g  c y c le  I T IN V ) w i t h  th e  
n e c e s s a r y  d a ta  b e in g  u p d a te d  e v e r y  0 .5  ms (T  / 2 ) .  T h is  r o u t i n e  w as 
lo c k e d  t o  th e  same t im e  f ra m e  a s  t h e  1 ms (1  k H z ) s o f t w a r e  c y c le .
T he  in h e r e n t  SSD i n v e r t e r  p o w e r s ta g e  f a u l t  p r o t e c t i o n  c i r c u i t r y  w o u ld  
be  l e f t  i n  p la c e ,  an d  t h i s  w o u ld  p r e v e n t  o v e r  c u r r e n t ,  an d  o v e r  a n d  
u n d e r  DC l i n k  v o l t a g e  o p e r a t io n .  I f  a  f a u l t  w as r e g i s t e r e d  b y  th e  
i n v e r t e r  i t  w o u ld  s h u t  dow n a nd  c o u ld  o n ly  be  r e s e t  (m a s te r  r e s e t ) .
7 . 3  I n v e r t e r  S w i t c h in g  S t r a t e g y
A f t e r  d is c u s s io n  w i t h  SSD, i t  w as d e c id e d  t h a t  th e  a v e ra g e  s w i t c h in g  
f r e q u e n c y  o f  t h e  SSD 1 kH z i n v e r t e r  p o w e r s ta g e  c o u ld  b e  in c r e a s e d  t o
2 kH z ( 0 . 5  m s ) , b u t  t h a t  in c r e a s e d  lo s s e s  a n d  h e a t in g  w o u ld  h a v e  t o  be  
t o l e r a t e d .  T h is  w as a c c e p ta b le  f o r  t h i s  r e s e a r c h  s y s te m , b u t  n o t  f o r  a 
r e l i a b l e  c u s to m e r  p r o d u c t .
The d o u b l in g  o f  s w i t c h in g  f r e q u e n c y  w o u ld  b r i n g  a b o u t  a c o r r e s p o n d in g  
r e d u c t io n  i n  th e  t o r q u e  an d  c u r r e n t  r i p p l e .  H o w e v e r, th e  f i n a l  
d e s ig n e d  c o n t r o l  a l g o r i t h m  c o u ld  o n ly  u p d a te  th e  s t a t o r  v o l t a g e  space 
vector dem and e v e r y  1 .0  ms (1  k H z ) (T  ) ,  w h ic h  w as th u s  th e  r a t e  a t  
w h ic h  a new  v o l t a g e  space vector c o u ld  be  a p p l ie d  t o  th e  m a c h in e .
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U sin g  sta n d a rd  te c h n iq u e s  (DEPENBROCK 1987, HOLTZ 1983, TOROK 1983, 
VAN DER BROECK 1988) th e  demanded v o lta g e  sp a c e  vector (Vg ) can be  
co n v er ted  in t o  a s w itc h in g  p a t te r n  f o r  th e  in v e r te r  th r e e  p h ase l e g s  
u s in g  a com b in ation  o f  th e  e ig h t  (V0-V7) p o s s ib l e  in v e r te r  v o l ta g e  
s t a t e s  ( in c lu d in g  th e  two ze r o  s t a t e s  VO and V7).
FIG 7.3 C O N S TR U C TIO N  OF TH E DEM ANDED VEC TO R
VO (000)
V  7  ( 1 1 1 )  
ZERO VECTORS
To exam ine t h i s  in  d e t a i l ,  w ith  r e fe r e n c e  to  F ig u re  7 .3 ,  l e t  u s  assum e
*
th a t  th e  d e s ir e d  s t a t o r  v o l t a g e  r e fe r e n c e  space vector V o v er  th e
—s •
c y c le  tim e (T ) i s  d e f in e d  in  c a r t e s ia n  (a -B ) c o o r d in a te s  by V and
ihv a
■
We can a c h ie v e  th e  a v era g e  V  ^ v o l t a g e  component in  th e  c y c le  tim e
(T ) by s w itc h in g  to  space vector V5 fo r  a tim e T . We can a c h ie v eINV 2
th e  a v era g e  V v o l t a g e  component in  th e  c y c le  tim e (T ) by s w itc h in ga inv
in  a d d it io n  to  V5 fo r  tim e T , to  space vector V4 f o r  a tim e T . For2 l
th e  rem ain in g  tim e in t e r v a l  (T -  T -  T ) we s w itc h  to  anINV 1 2
a p p r o p r ia te  z e r o  space vector.
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(where Vrc r e p r e s e n ts  th e  in v e r te r  DC l in k  v o l ta g e ,  and th e  ( 3 /2 )  term
i s  f o r  s c a l in g  (C hapter 2, s e c t io n  2 . 2 . 2 ) ) ,  th en  th e  tim e T i s
2*
d e f in e d  by th e  component o f  V5 in  th e  a x i s  n e c e s s a r y  to  o b ta in  V0 : -
p
*
VQ T
T. = r o ™ V t ( 7 .1 )
A ssum ing th e  m a g n itu d e  o f  e a c h  i n v e r t e r  space  v e c to r  i s  (3 /2 )V dc
v3 3 V2 2 DC
2
The tim e T i s  d e f in e d  by th e  a d d it io n a l  component o f  V4 n e c e s s a r y  to  
§ 1
o b ta in  in  th e  a  a x i s ,  ta k in g  in t o  a ccou n t th e  component a lr e a d y
p r e s e n t  due to  V5: -
[V* -  V*/73l T
= L «  £ J 1
U V»c]
T = L “ H J 1NV (7.2)1
F in a l ly  th e  zero  (p a u se) tim e i s  g iv e n  b y :-
(T -  T -  T ) ( 7 .3 )INV 1 2
Then o v er  a sw itc h in g  c y c le  (T ) s t a r t in g  from th e  ze r o  space vector 
V7 (1 11) we s w itc h  to  space vector V5 (1 01) fo r  a tim e T , fo l lo w e d  by
space vector V4 (1 0 0 ) fo r  a tim e T and f i n a l l y  to  th e  ze ro  space
vector VO (0 0 0 ) f o r  a tim e (T -  T -  T ) sec o n d s . T h is  i s  shownINV 1 2
to g e th e r  w ith  th e  r e s u l t in g  d r iv e  s ig n a l s  in  F ig u re  7 .4 .  N o t ic e  how we 
alw ays f i n i s h  on th e  o p p o s ite  ze ro  space vector from w hich  we s t a r t ,  
and how each  sw itc h  r e q u ir e s  o n ly  one phase le g  change, and on a v era g e
a 1 kHz (T ) s w itc h in g  freq u en cy .
The e r r o r  betw een  th e  demanded space vector and th e  a c tu a l  averaged  
one o v er  th e  c y c le  tim e in t e r v a l  (T ) i s  a lw ays single sided ( th e  
a c tu a l  space vector a lw ays b e in g  on one s id e  o f  th e  demanded space 
vector p h y s ic a l ly )  and th e  e r r o r  d e c r e a s e s  to  ze ro  o n ly  n ear th e
co m p lete  c y c le  tim e (TINV)» D uring th e  c y c le  tim e (T ) th e  e r r o r  can
become q u i t e  la r g e ,  but a s im p le  m o d if ic a t io n  to  t h i s  s t r a t e g y  w i l l
red u ce th e  e r r o r . T h is  i s  a c h ie v e d  by d i s t r ib u t in g  th e  ze r o  s w itc h in g  
tim e e q u a lly  betw een  th e  s t a r t  and end o f  th e  s w itc h in g  c y c le .  T h is  
r e q u ir e s  an in c r e a s e  in  s w itc h in g  freq u en cy . The e r r o r  term i s  no 
lo n g e r  single sided, b ut c e n tr e d  on th e  demanded space vector, and th e  
e r r o r  o v er  th e  co m p lete  c y c le  tim e (T ) w i l l  have a s m a lle rINV
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FIGURE 7 .4 O r ig in a l space vector s w itc h in g  p a t te r n
TIME 1 T2 Tl T -T -T  1INV 1 2 |
1 ) 1
T T
0 TINV
SPACE V7| 
VECTOR V1 j V5 V4 V0 |
SWITCH . . .  1 111STATE j 101 100 000 |
INVERTER
PHASE a
DRIVE
INVERTER 
PHASE b |
DRIVE
INVERTER
PHASE c
DRIVE
m agnitude. The reduced  e r r o r  term e n su r e s  th a t  th e  te rm in a l s t a t o r  
f lu x  space vector ( s t a t o r  v o l t s - s e c o n d s )  has a redu ced  e r r o r  o v er  th e  
s w itc h in g  c y c le  tim e (TINV)» w hich  le a d s  to  reduced  to rq u e  r ip p le .
The ad vantage o f  c o n t r o l l e r s  such  a s  th e  C14 i s  th a t  th e  PWM s w itc h in g  
s t r a t e g y  can be c a lc u la t e d  j u s t  on ce per s w itc h in g  c y c le  tim e (T ) 
th en  lo a d ed  in t o  a p p r o p r ia te  r e g i s t e r s ,  and th e  s w itc h in g  c y c le  w i l l  
be a u to m a t ic a lly  e x e c u te d  w ith o u t any fu r th e r  software in t e r v e n t io n ,  
le a v in g  th e  p r o c e s s o r  p le n t y  o f  tim e fo r  o th e r  c a l c u la t io n s .
For o p e r a t io n  a t  a 2 kHz s w itc h in g  freq u en cy , th e  s w itc h in g  p a t te r n  
schem e would have to  be s u i t a b ly  m o d ified , s in c e  th e  s t a t o r  v o l t a g e  
space vector demand i s  o n ly  updated  ev e ry  1 .0  ms IT ) . T h is  i s  
a c h ie v e d  by m o d ify in g  th e  s w itc h in g  s t r a t e g y  and s p l i t t i n g  i t  in t o  two 
m irror im ages c e n tr e d  around th e  h a l f  c y c le  tim e ( T ^ / 2 ) ,  so  th a t  we 
d i s t r i b u t e  a l l  th e  ze ro  s w itc h in g  tim e s , and we s t a r t  and f i n i s h  each  
s w itc h in g  c y c le  on th e  same ze ro  space vector.
130
T h is i s  d em on strated  in  F ig u re  7 .5 .  N ote th a t  we have s t a r t e d  and 
f in i s h e d  on th e  same ze ro  space vector (read y  fo r  th e  n e x t s w itc h in g  
i n t e r v a l ) .
FIGURE 7 .5  M o d ified  space vector s w itc h in g  p a t te r n
[T -T -T ]IN V 1 2T =---  z---------  , and i s  th e  zero tim e d iv id e d  by fo u r .
z  4  J
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INVERTER 
PHASE a 
DRIVE
INVERTER 
PHASE b 
DRIVE
INVERTER 
PHASE c 
DRIVE
T h is  m o d ified  space vector m o d u la tio n  te ch n iq u e  was to  be u sed  in  th e  
c o n t r o l l e r  s o ftw a r e  d e s ig n . In  com parison  to  th e  f i r s t  schem e w hich  i s  
a s i n g l e  edged PWM m o d u la tio n  te c h n iq u e , where o n ly  one s w itc h  i s  
re q u ir e d  p er  p hase le g  p er c y c le  p e r io d  (T )> th e  seco n d  scheme i s  a 
d o u b le  edged m o d u la tio n  te c h n iq u e , due to  th e  two s w itc h e s  p er p hase  
l e g  re q u ir e d  p er c y c le  p e r io d  (TjNV)*
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7 . 4 H ardw are And S o f tw a re
7 .4 .1  b lo c k  d iagram s
F ig u re  7 .6  shows th e  r e s u l t in g  hardware sy stem  b lo c k  diagram , and 
F ig u re  7 .7  th e  so ftw a r e  b lo c k  diagram . Space p r e v e n ts  a more d e t a i l e d  
d e s c r ip t io n  o f  each , a lth o u g h  t h i s  p a r t  o f  th e  p r o je c t  r e p r e s e n ts  a 
m ajor p r o p o r tio n  (one y e a r )  o f  th e  t o t a l  p r o je c t  tim e ( th r e e  and a 
h a l f  y e a r s ) .
The com pleted  sy stem  i s  shown in  F ig u re  7 .8 ,  w ith  th e  hardware mounted 
on th e  wooden b a se  on th e  ta b le .
FIG 7.6 HARDWARE BLOCK DIAGRAM
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FIGURE 7 .7  S o f tw a re  b lo c k  d ia g ra m
1 .0  ms c y c le  (T0PLVL_M0D)
I n te r r u p ts  (ISR_M0D)
I N T E R R U P T S
i n te r r  - upt ser v  ic e  rout i ne
->NM I (NMI_M0D)
 >1 NT (INTI SR_M0D)
 >C M P INTO ( C MP I N T0_M0D )
+CMPINT1 (CMPINT1 MOD)
0 .1  ms INT c y c le  (INTISR_MOD)
NMI INT c y c le  (NMIJ40D)
shut down i n v e r te r  and s to p  system
CMP INT c y c le  (CMPINT0/1_M0D)
C M P I N T O / 1
1 oad n ext 0 .5  msi n v er ter  swi tch  -  i ng
+  E XI T
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7 . 4 .2  f i n a l  im p le m e n ta t io n
The model running ev e r y  0 .1  ms (10 kHz) took  a s u b s t a n t ia l  amount o f  
tim e to  e x e c u te . There was a tr a d e  o f f  betw een  th e  amount o f  
in fo r m a tio n  w hich  co u ld  be c a lc u la t e d  from th e  model (and i t s  
a cc u r a cy ) a g a in s t  e x e c u t io n  tim e . I f  any more than  th e  r o t a t in g  
r e fe r e n c e  fram e in fo r m a tio n  was to  be g en e r a te d , th en  th e  co m p lete  
sy stem  e x e c u t io n  tim e would n o t f i t  in to  th e  s o ftw a r e  lo o p  c y c le ,  
w ith o u t m o d if ic a t io n s .
A d e c i s io n  was made a t  t h i s  p o in t  (C hapter 8 ) th a t  s in c e  th e  tim e  
p e r io d  o f  t h i s  r e se a r c h  p r o je c t  was a lm o st ex h a u sted , th e  
e x p e r im e n ta tio n  sh o u ld  be aimed a t  com paring Leonhard’ s  dynam ic 
m achine model perform ance w ith  e x te r n a l  m achine m easurem ents u s in g  th e  
sta n d a rd  SSD in v e r te r  c o n t r o l l e r .
To t h i s  aim, th e  s o ftw a r e  model was ex ten d ed  to  im prove i t s  a ccu ra cy , 
and th e  number o f  v a r ia b le s  w hich  co u ld  be o b serv ed  to  in c lu d e  th e  
s t a t o r ,  a i r  gap and r o to r  f lu x e s ,  s t a t o r  and r o to r  c u r r e n t and model 
to rq u e in  b o th  th e  r o t a t in g  and s t a t io n a r y  r e fe r e n c e  fram es. Some o f  
th e  1 .0  ms (1 kHz) so ftw a r e  m odules were removed to  a l lo w  th e  model 
in c r e a s e d  e x e c u t io n  tim e , a s  th e  sy stem  would no lo n g e r  be g e n e r a t in g  
th e  in v e r te r  s i x  power s w itc h  PWM p a tte r n  in  a c lo s e d  lo o p  c o n t r o l l e r .
7 .5  S e t t in g  Up And A djustm ent
The s o ftw a r e  fo r  th e  sy stem  was checked  u s in g  th e  so ftw a r e  t o o l s  as  
f u l l y  a s  p o s s ib l e ,  by c r e a t in g  0 .1  ms (10 kHz) and 1 .0  ms (1 kHz) 
in p u ts  from PC f i l e s ,  and com paring th e  s o ftw a r e  o u tp u t a g a in s t  
s im u la te d  r e s u l t s .
The s o ftw a r e  o u tp u ts  w ere in  th e  form o f  coded h exad ecim al numbers in  
s e p a r a te  PC f i l e s ,  one f i l e  f o r  each  ou tp u t v a r ia b le ,  and one number 
p la c e d  in  each  f i l e  ev e r y  0 .1  ms.
T hese f i l e s  co u ld  be d is p la y e d  a s  graphs u s in g  th e  s o ftw a r e  t o o l s ,  
where th e  s c a l e s  co u ld  be expanded. At th e  tim e th e s e  r e s u l t s  w ere n o t
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produced a s  hard copy ou tp u t due to  th e  tim e needed  f o r  decoding th e  
PC f i l e s ,  and w r it in g  th e  n e c e s s a r y  so ftw a r e .
For exam ple, th e  so ftw a r e  m achine m odel’ s  dynamic r e sp o n se s  (to rq u e  
and f lu x  l in k a g e )  were compared w ith  th a t  from an ACSL s im u la t io n , by 
exp an din g th e  so ftw a r e  m odel’ s  o u tp u ts  and com paring w ith  th e  ACSL 
s im u la te d  hardware r e s u l t s .  T hese showed th e  so ftw a r e  m achine model 
and ACSL s im u la ted  r e s u l t s  to  produce i d e n t i c a l  o u tp u ts , to  an 
a ccu ra cy  l im it e d  by th e  PC s c r e e n  w ith  th e  s m a l le s t  r e s u l t s  s c a le .
The hardware and so ftw a r e  w ere th en  debugged to g e th e r  u s in g  th e  In  
C ir c u it  Em ulator (ICE) and g e n e r a t in g  th e  en cod er in p u ts  from a t e s t  
c i r c u i t  fe d  from a fu n c t io n  g e n e r a to r , and th e  s t a t o r  and r o to r  
c u r r e n ts  u s in g  s in e  wave g e n e r a to r s  w ith  v a r ia b le  p hase s h i f t  o u tp u ts .  
The PWM d r iv e  o u tp u ts  co u ld  be m on itored  a s  w e ll  a s  th e  D/A o u tp u ts  on 
a ca th od e ray  o s c i l l o s c o p e .  S im ple t e s t s  su ch  a s  t o r q u e - s l ip  
m easurem ents co u ld  be und ertak en , b o th  under s im u la te d  m otoring  and 
g e n e r a t in g  c o n d it io n s ,  a s  w e ll  a s  s t e p  s l i p  ch an ges (to rq u e  s t e p s ) .  
The r e s u l t s  were compared w ith  s im u la t io n s  from ACSL.
F in a l ly  a f t e r  a p p ro x im a te ly  one y e a r s  work d e v e lo p in g  th e  system  
c o n t r o l l e r ,  i t  was p la c e d  n ex t to  th e  t e s t  r ig ,  where i t  was a g a in  
t e s t e d  ready fo r  e x p e r im e n ta tio n .
F ig u re  7 .8  shows th e  hardware and PC used  f o r  d e v e lo p in g  and
c o n t r o l l in g  th e  so ftw a r e , in  p la c e  in  th e  la b o r a to r y .
7 .6  In v e r te r  M o d if ic a t io n
As w i l l  be d is c u s s e d  in  C hapter 8 , fo r  th e  f i n a l  im p lem en ta tio n , th e  
in v e r te r  was to  be m o d ified . By ch an gin g  th e  s ta n d a rd  SSD in v e r te r  
c o n f ig u r a t io n ,  d i f f e r e n t  m achine f lu x  m agn itudes and c o n tr o l  law s  
co u ld  be a c h ie v e d . For exam ple th e r e  was th e  c h o ic e  o f  a l in e a r ,
w e a k -f lu x  mode ( l in e a r  v o l t s - p e r - h e r t z  to  tw ic e  r a te d  sp eed  0 -1 0 0  Hz,
w hich  f o r  our 1500 rpm m achine was e q u iv a le n t  to  o p e r a t in g  a t  h a l f
r a te d  f l u x / f l u x  l in k a g e ) .  There was a l s o  l in e a r  f u l l  f lu x  to  r a te d  
sp eed  (r a te d  m achine f lu x )  and fa n  law f lu x  -  th a t  i s ,  sq u are  law
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FIGURE 7 .8  The c o n t r o l l e r  sy s tem
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v o l t s - p e r - h e r t z ,  w ith  reduced  f lu x  a t  low sp eed s  and r a te d  f lu x  near  
r a te d  sp eed . There was in  a d d it io n  a 5 0 /6 0  Hz o p t io n , w hich a llo w ed  
th e  m achine to  be run a t  ( 5 0 /6 0 ) th normal f lu x .  By s e l e c t i n g  th e  
l in e a r  weak f lu x  and 60 Hz mode, th e  m achine f lu x  co u ld  be reduced  to  
0 .5  x ( 5 0 /6 0 ) th r a te d  f lu x  (42 %) up to  1500 rpm.
N orm ally  th e  in v e r te r  ou tp u t freq u en cy  was c o n t r o l le d  by th e  in t e r n a l  
in v e r te r  sp eed  demand s ig n a l ,  and th e  maximum r a te  o f  in c r e a s e  o f  th e  
in v e r te r  ou tp u t fr eq u en cy  was l im it e d  by a s u i t a b le  ramp tim e p r e s e t  
in  th e  in v e r te r  c o n f ig u r a t io n  d ep en d in g  on th e  m achine lo a d . An 
a d ju s ta b le  low sp eed  f lu x  b o o s t  was a l s o  p ro v id ed  fo r  s e t t i n g  up th e  
‘s t a r t i n g  c o n d it io n s ’ under lo a d .
The in v e r te r  u sed  a sta n d a rd  PWM p a tte r n  g e n e r a to r  in t e g r a t e d  c i r c u i t
(IC ) w hich  was d r iv e n  from two c o n tr o l  v o l t a g e s  (V and V ) . The
rs fV
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f lu x  c o n tr o l  v o l ta g e  (V ) co u ld  be sw itch ed  betw een  th e  sta n d a rdrv
in t e r n a l  in v e r te r  c o n t r o l l e r  v o l ta g e  ou tp u t r e fe r e n c e  and a v a r ia b le  
v o lta g e  added e x t e r n a l ly .  By e x t e r n a l ly  v a ry in g  V th e  m achine f lu x  
co u ld  th en  be c o n t in u o u s ly  v a r ie d  (w ith o u t any low sp eed  b o o s t ) ,  from  
3 7 .5  % to  125 % o f  r a te d  when u sed  in  com b in ation  w ith  th e  5 0 /6 0  Hz 
ch an ges and th e  f lu x  c o n tr o l  law s. A ttem pts to  s t e p  th e  m achine f lu x  
by s w itc h in g  betw een  th e  two v o lta g e  demands f a i l e d ,  a s  th e  in v e r te r  
‘tr ip p e d  o u t ’ ev e ry  tim e on ‘o v e r c u r r e n t’ (e x c e p t o v er  a v er y  sm a ll 
range when th e  two v o lta g e  demands w ere m atched).
A s im i la r  m o d if ic a t io n  a llo w ed  a s te p  in c r e a s e  in  th e  in v e r te r  ou tp u t  
fr eq u en cy  c o n tr o l  v o l ta g e  (V ) to  be a c h iev ed . The v o l ta g e  was added  
e x t e r n a l ly  and was summed w ith  th a t  a lr e a d y  in t e r n a l ly  p r e s e n t  from  
th e  stan d ard  in v e r te r  sp eed  r e fe r e n c e  demand, upon c lo s in g  a sw itc h .  
T h is  a llo w ed  s te p  in c r e a s e s  o f  up to  15 % o f  r a te d  fr eq u en cy  (7 .5  Hz) 
to  be a ch ie v e d  under a l l  o p e r a t in g  c o n d it io n s ;  how ever la r g e  s t e p  
r e d u c t io n s  in  s l i p  freq u en cy  co u ld  n o t be t o le r a t e d  above about h a l f  
r a te d  sp eed , b eca u se  th e  o v e r -v o lta g e  t r ip  o f  th e  in v e r te r  o p era ted . 
T h is was b eca u se  when d e c e le r a t in g  th e  in d u c tio n  m achine a c t s  a s  a 
g e n e r a to r , ta k in g  th e  en erg y  from th e  r o t a t in g  lo a d  and fe e d in g  i t  
back in to  th e  in v e r te r .  S in c e  th e  sy stem  co u ld  n o t r e g e n e r a te  back  
in t o  th e  m ains su p p ly , th e  DC l in k  c a p a c ita n c e  became charged; above a 
f i r s t  l e v e l  o f  o v e r -v o lta g e  r e s i s t o r s  were sw itc h e d  a c r o s s  th e  
c a p a c ita n c e  to  d i s s i p a t e  th e  en erg y , but above th e  n e x t  t r ip p in g  l e v e l  
th e  w hole in v e r te r  was sh u t down.
As w e ll  a s  a p p ly in g  a f i x e d  v o l ta g e  s te p  change to  th e  in v e r te r  o u tp u t  
fr eq u en cy  c o n tr o l  v o l ta g e  CV ), an a l t e r n a t iv e  in p u t was p ro v id ed  on  
th e  c o n tr o l  p a n e l, such  th a t  a s ig n a l  g e n e r a to r  co u ld  a c t  a s  th e  
v o l t a g e  so u rce . There was no l im i t  on th e  r a te  o f  r i s e  o f  th e  s ig n a l ,  
b u t th e  r a te  o f  s ig n a l  f a l l  was a g a in  l im ite d  by r e g e n e r a t io n  in t o  th e  
DC l in k  c a p a c ito r s .  The f i n a l  in v e r te r  ou tp u t fr eq u e n c y  c o n tr o l  
v o l t a g e  (V ) was brou ght o u t e x t e r n a l ly  on th e  c o n tr o l  p a n e l, so  th a t  
i t  co u ld  be u sed  to  t r ig g e r  th e  m easuring equipm ent. The dynam ic 
p erform ance o f  t h i s  sy stem  w i l l  be d is c u s s e d  in  C hapter 8 , s e c t io n
8 .4 .2 .
I t  sh o u ld  be n o ted  th a t  th e  in v e r te r  was o f  a ‘g ea r  ch a n g in g ’ ty p e , in
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w hich th e  PWM s w itc h in g  p a t te r n  was changed, a s  th e  s t a t o r  su p p ly  
ou tp u t freq u en cy  in c r e a s e d , to  m a in ta in  a s w itc h in g  fr eq u e n c y  o f  
around 1 kHz. T h is  would mean a t  d i f f e r e n t  o p e r a t in g  p o in t s ,  d i f f e r e n t  
harm onics would be p r e s e n t  in  th e  v o lta g e  s ig n a l .  T r a n s ie n t ly  th e  
in v e r te r  s w itc h in g  p a tte r n  may change when demanding s t e p  ch an ges in  
s t a t o r  su p p ly  freq u en cy , w hich  w i l l  m odify  th e  id e a l  s t e p  resp o n se!
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8 RESULTS
The s t r a t e g y  f i n a l l y  u sed  to  o b ta in  th e  p r a c t ic a l  r e s u l t s  i s  
d is c u s s e d . The dynam ic m achine model torq u e and f lu x  a re  c a l ib r a te d  
and compared a g a in s t  th e  t e s t  r ig  to rq u e  and f lu x  m easurem ents, fo r  
b o th  s te a d y  s t a t e  and dynam ic r e sp o n se s . The e f f e c t  o f  param eter  
s e n s i t i v i t y  o f  th e  model i s  a l s o  in v e s t ig a t e d .  A d is c u s s io n  o f  th e  
o b ta in e d  r e s u l t s  i s  und ertak en .
8 .1  S tr a te g y
8 .1 .1  r e se a r c h  aim s
The aim o f  th e  p r a c t ic a l  s id e  o f  t h i s  r e se a r c h  was to  in v e s t i g a t e  and 
b u ild  a c lo s e d  lo o p  dynam ic to rq u e vector controller, in  ord er  th a t  a 
co m p lete  u n d ersta n d in g  o f  th e  t h e o r e t i c a l  and p r a c t ic a l  perform ance  
co u ld  be a c h iev ed . I t  was p lan n ed  th a t  a direct and indirect vector 
im p lem en ta tio n  would be compared w ith  scalar schem es. However in  
i n v e s t ig a t in g  any c lo s e d  lo o p  sy stem  th e r e  a re  s e v e r a l  in te r m e d ia te  
s t a g e s  o f  u n d ersta n d in g  w hich  must be f i r s t  a c h iev ed .
For t h i s  i n v e s t ig a t io n  two in te r m e d ia te  g o a ls  w ere s e t .  The f i r s t  was 
to  in v e s t i g a t e  th e  v a l i d i t y  o f  th e  dynam ic m achine model u sed  in  most 
p r a c t ic a l  direct vector controllers, by com parison  w ith  th e  d ir e c t  
m achine m easurem ents p o s s ib l e  w ith  t h i s  t e s t  r ig .  The secon d  was to  
d e v e lo p  an open lo o p  vector controller, whose perform ance co u ld  be 
e v a lu a te d  b e fo r e  f i n a l l y  c lo s in g  any c o n tr o l  lo o p s .
However due to  some unexpected r e s u l t s  from th e  dynam ic m achine model 
(w hich  a re  p r e se n te d  in  t h i s  C h a p ter), o n ly  th e  f i r s t  g o a l  co u ld  be 
a c h ie v e d  in  th e  tim e a v a i la b le .
139
8. 1.2 c o m p ariso n  b e tw een  m odel and  m easu rem en ts
The fundam ental p r in c ip l e s  o f  vector control r e ly  on th e  in d u c t io n  
m achine b e in g  a c c u r a te ly  r e p r e se n te d  under s te a d y  s t a t e  and dynam ic 
c o n d it io n s  by th e  dynam ic model (h ere  r e p r e se n te d  by Leonhard’ s  
e q u a tio n s , C hapter 2 , s e c t io n  2 . 2 . 3 ) .  The model i s  a l s o  u sed  in  th e  
common direct vector control im p lem en ta tio n s , to  p r e d ic t  th e  m achine 
f lu x  sp a ce  vector m agnitude and p o s i t io n  from th e  s t a t o r  cu r r e n t and 
s p e e d /p o s i t io n  m easurem ents (C hapter 5 , s e c t io n  5 .2 ) .  T h is  e n a b le s  th e  
c o n t r o l l e r  to  work in  th e  d eco u p led  r o t a t in g  f lu x  r e fe r e n c e  fram e w ith  
th e  a d v a n ta g es d e s c r ib e d  in  C hapter 5.
Hence f o r  i n i t i a l  t e s t i n g  o f  th e  dynam ic m achine model we need  n ot  
a p p ly  any o f  th e  vector control p r in c ip l e s ,  or any form o f  c lo s e d  lo o p  
c o n tr o l/ fe e d b a c k , b u t s im p ly  compare th e  model w ith  m achine  
m easurem ents when c o n tr o l le d  from a stan d ard  v o l ta g e  in v e r te r .  With 
th e  stan d ard  SSD in v e r te r  we can e s s e n t i a l l y  o n ly  compare th e  s te a d y  
s t a t e  p erform ance, but a f t e r  s u i t a b le  m o d if ic a t io n s  (C hapter 7 , 
s e c t io n  7 .6 )  th e  model can  be t e s t e d  d y n a m ic a lly  by a p p ly in g  s te p  
ch an ges o f  s l i p  fr eq u en cy  demand to  th e  m achine. U sin g  th e  in v e r te r  in  
t h i s  way i s  e q u iv a le n t  to  a v o l ta g e  im p ressed  scalar control schem e, 
and would le a d  to  a dynam ic t r a n s ie n t  re sp o n se  govern ed  by th e  
e ig e n - v a lu e s  o f  th e  v o l ta g e  fe d  m achine, a s  a lr e a d y  d is c u s s e d  in  
Chapter 3, s e c t io n  3 .4 ,  f o r  c o n s ta n t  ‘A’ m a tr ix  p aram eters ( s h a f t  
sp e e d ) . The e ig e n - v a lu e s  and th e  r e s u l t in g  form o f  th e  t r a n s ie n t  
r e sp o n se  fo r  th e  t e s t  m achine can be e s t im a te d  t h e o r e t i c a l l y  or  
s im u la te d  (or  b o th ) ,  and compared w ith  th a t  m easured from  th e  t e s t  r ig
and w ith  th a t  c a lc u la t e d  by th e  m odel.
W ith th e  model o f  th e  m achine im plem ented in  th e  t e s t  r i g  c o n t r o l l e r  
we can m on itor th e  s t a t o r ,  a i r  gap or r o to r  f l u x  l in k a g e  space 
vectors, and th e  s t a t o r  and r o to r  cu rr en t space vectors, a s  w e l l  a s  
th e  m agnitude o f  th e  e l e c t r i c a l  to rq u e . From th e  t e s t  r i g  s e t  up we 
can in d e p e n d e n tly  m easure th e  a c tu a l  s t a t o r  f lu x  l in k a g e  space vector 
(s e a r c h  c o i l s )  and th e  s t a t o r  and r o to r  cu rr en t space vectors and a l s o  
c a lc u la t e  th e  e l e c t r i c a l  to rq u e  u s in g  th e  vector product strategy o f
C hapter 6 , s e c t io n  6 .4 .3 .  The to rq u e  so  o b ta in e d  can  be u s e f u l ly
compared w ith  th e  e l e c t r i c a l  to rq u e c a lc u la t e d  in  th e  m odel. S in c e  th e
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torq u e can be d e r iv e d  from v i r t u a l l y  any com b in ation  o f  f lu x  and 
cu rr en t space vectors in  any r e fe r e n c e  frame (a s  shown in  C hapter 2, 
s e c t io n  2 .4 )  i t  i s  s e n s ib l e  to  compare a l s o  th e  s t a t o r  f lu x  l in k a g e  
measurement w ith  th a t  c a lc u la t e d  in  th e  m odel. To c a l c u la t e  to rq u e th e  
same (m easured) s t a t o r  cu rr en t space vector i s  u sed  in  b o th  th e  vector 
product strategy and in  th e  m odel.
8 . 1 .3  im p lem en ta tion
As h as been  d is c u s s e d  in  C hapter 7, s e c t io n  7 .6 ,  th e  SSD in v e r te r  was 
m o d ified  to  a llo w  m achine o p e r a t io n  a t  v a r io u s  f l u x / f l u x  lin k a g e
m agn itu des from n o m in a lly  3 7 .5  % to  125 % o f  r a te d . In a d d it io n  
s u i t a b le  m o d if ic a t io n s  a llo w ed  s te p  ch an ges o f  up to  7 .5  Hz in  th e
in v e r te r  ou tp u t fr eq u en cy  to  be a ch iev ed ; th e s e  a re  e q u iv a le n t  to  s t e p
ch an ges in  s l i p  freq u en cy . The v o l t s - p e r - h e r t z  r a t io  (V /f )  
t h e o r e t i c a l l y  rem ained c o n s ta n t  d u r in g  th e  s t e p s  and would fo l lo w  th e  
in v e r te r  ou tp u t fr eq u en cy , th er eb y  m a in ta in in g  th e  d e s ir e d  m achine
f lu x  l e v e l .
As d em on strated  in  C hapter 4, s e c t io n  4 .4 ,  a t y p ic a l  t r a n s ie n t
re sp o n se  in  an in d u c t io n  m achine can l a s t  s e v e r a l  hundred m i l l is e c o n d s
under scalar c o n tr o l .  The peak torq u e may be f i v e  t im e s  r a te d  w hich ,
2com bined w ith  th e  i n e r t i a  o f  o n ly  0 .0 7 7  kg m , g iv e s  a maximum a n g u la r
2
a c c e le r a t io n  o f  about 2500 r a d s /s  . At t h i s  r a t e  th e  sp eed  would  
in c r e a s e  in  r e sp o n se  to  a 5 Hz s te p  in  su p p ly  fr eq u e n c y  (10 % o f  
r a te d )  in  j u s t  6 .3  ms.
To en a b le  th e  t h e o r e t i c a l  t r a n s ie n t  com parison  o f  C hapter 3, s e c t io n
3 .4  to  be a p p lie d , r e q u ir e s  th a t  th e  s h a f t  sp eed  d o es  n o t change ov er  
th e  t r a n s ie n t  p e r io d . T h is  can be a c h ie v e d  by e i t h e r  ( i )  red u c in g  th e  
t r a n s ie n t  torq u e or ( i i )  in c r e a s in g  th e  s h a f t  in e r t i a .
By red u c in g  th e  m achine f lu x  to  3 7 .5  % o f  r a te d , re d u ce s  th e  m achine  
to rq u e  c a p a b i l i t y  to  j u s t  14 % o f  th a t  a c h ie v e d  under r a te d  f lu x  
(C hapter 2, s e c t io n  2 . 5 ) ,  and by ad d in g  th e  e x tr a  ‘f ly w h e e l ’ load  w i l l  
in c r e a s e  th e  tim e tak en  fo r  th e  10 % sp eed  change to  342 ms. T h is  i s  
th e  b e s t  we can t h e o r e t i c a l l y  hope to  a c h ie v e  w ith  t h i s  in v e r te r  and
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t e s t  r ig ,  and would in  p r a c t ic e  be a w orst c a se  r e s u l t ,  s in c e  th e  peak  
to rq u e  i s  u n l ik e ly  to  rem ain c o n s ta n t  fo r  such  a lo n g  p e r io d  ( in v e r t e r  
c u rr en t l i m i t a t i o n ) .
8 .2  C a lib r a t io n
The se a r c h  c o i l  and model d e r iv e d  s t a t o r  f lu x  p er p o le  (and to rq u e)  
w ere s c a le d  so  th a t  th e y  were th e  same p h y s ic a l  s i z e  when d is p la y e d  on 
a l t e r n a t e  o s c i l l o s c o p e  ch a n n e ls . By o v e r la y in g  th e  two ch an n el t r a c e s ,  
d if f e r e n c e s  betw een  th e  two co u ld  be o b serv ed . B ecau se th e  model 
p aram eters were dependent on th e  m achine f lu x  (3 7 .5  % or r a t e d ) ,  th e  
model o u tp u t s c a l in g  f a c t o r s  w ere changed a c c o r d in g ly . M easurem ents 
w ere o n ly  tak en  w ith  th e  s t a t o r  ir o n  tem p eratu re n ear 3 0 °C to  p rev e n t  
m achine param eter v a r ia t io n  from th e  m easured v a lu e s  o f  Chapter 6, 
s e c t io n  6 .3 .
8 .2 .1  f lu x
8 . 2 .1 . 1  s o ftw a r e  model
The s c a l e  was ch osen  such  th a t  when ou tp u t v ia  th e  D/A, an o u tp u t o f  1
- 3v o l t  from th e  model e q u a ls  a peak s t a t o r  f lu x  p er p o le  o f  3 .4 0  x 10 
Wb. To co n v er t from th e  m odel’ s  f l u x  lin k a g e  p er p o le ,  th e  e q u iv a le n t  
number o f  s t a t o r  tu r n s  p er  p hase a s  d e r iv e d  in  A ppendix M was u sed .
_ 3
The m odel’ s  peak s t a t o r  f lu x  p er p o le  was 7 .4 6  x 10 Wb, w hich  
com pares fa v o u r a b ly  (+ 1 .6  %) w ith  th e  v a lu e  c a lc u la t e d  from th e
- 3m achine d a ta  o f  7 .3 4  x  10 Wb in  Appendix M.
8 . 2 . 1 . 2  sea r ch  c o i l
As d e t a i l e d  in  C hapter 6, th e  in t e g r a te d  o u tp u ts  from th e  se a r c h  c o i l s  
r e p r e s e n t  th e  a v era g e  p o le  f l u x  on th e  s t a t o r  s id e  o f  th e  a i r  gap o f  
th e  m achine ( s in c e  th e  c o i l s  w ere wound over  one p o le ) .  Assum ing th e  
f lu x  to  have a s in u s o id a l  d i s t r i b u t i o n  th en  th e  peak i s  g iv e n  by (ti/ 2 )  
t im e s  th e  a v era g e . M u lt ip ly in g  t h i s  by th e  e q u iv a le n t  number o f  s t a t o r
1 4 2
tu r n s , y i e l d s  th e  e q u iv a le n t  model f lu x  lin k a g e  o u tp u t (A ppendix M). 
U n fo r tu n a te ly  when th e  se a r c h  c o i l s  were in s e r t e d  in t o  th e  in d u c t io n  
m achine, no a t t e n t io n  was p a id  to  t h e ir  o r ie n t a t io n  w ith  r e s p e c t  to  
th e  p hase w in d in g s . In ord er to  c a lc u la t e  torq u e u s in g  th e  vector 
product strategy o f  C hapter 6, th e  cu rr en t and se a r c h  c o i l  f lu x  
lin k a g e  space vectors sh o u ld  sh a re  th e  same a l ig n e d  r e fe r e n c e  fram e. 
In ord er  to  a c h ie v e  t h i s  i t  was assumed th a t  under no lo a d  c o n d it io n s  
and r a te d  f lu x ,  th e  s t a t o r  c u rr en t and sea r ch  c o i l  d e r iv e d  f lu x  space 
vectors a re  0° e l e c t r i c a l l y  d is p la c e d . In s o ftw a r e  th e  d ir e c t  and 
q u ad ratu re com ponents o f  th e  s t a t o r  f lu x  and s t a t o r  cu rr en t (a-/3) in  
th e  s t a t io n a r y  r e fe r e n c e  fram e, co u ld  be r o ta te d  u s in g  c o o r d in a te  
tr a n sfo r m a tio n  ( s e e  C hapter 2, s e c t io n  2 . 3 . 1 ) ,  u n t i l  th e  0° phase  
d if f e r e n c e  was a ch ie v e d . T h is  co u ld  be ob served  by d is p la y in g  th e  a  
component o f  s t a t o r  c u rr en t and f lu x  on each  ch an n el o f  a d u a l tr a c e  
o s c i l l o s c o p e .  Care was e x e r c is e d  in  o b se r v in g  th e  c o r r e c t  r e la t io n s h ip  
by com paring b oth  th e  a  and 3 cu rr en t and f lu x  com ponents s e p a r a te ly ,  
and a v er a g in g  th e  r e s u l t s  from s t a r t in g  w ith  a p h ase s h i f t  o f  -1 0 °  and
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w orking upwards, and s t a r t in g  from +10 and w orking downwards (due to  
th e  poor r e s o lu t io n  o f  any o s c i l l o s c o p e  m easurem ent). The f i n a l  
s p a t i a l  s h i f t  n e c e s s a r y  was 29° e l e c t r i c a l .
To c a l ib r a t e  th e  sy stem  i n i t i a l l y ,  415 V rms 50 Hz th r e e  p hase was 
a p p lie d  to  th e  t e s t  m achine o p e r a t in g  under no lo a d . The co rresp o n d in g  
se a r c h  c o i l  o u tp u t was a 1 7 .2  V o lt  s in e  wave peak to  peak.
U sin g  th e  sea r ch  c o i l  and m achine w in d in g  d a ta  (A ppendix M), under 
ra te d  s in u s o id a l  (m ains) su p p ly  c o n d it io n s  th e  se a r c h  c o i l  m easured
- 3peak s t a t o r  f lu x  p er  p o le  was 6 .8 4 2  x 10 Wb, w hich  com pares 
fa v o u r a b ly  ( - 6 .8  %) w ith  th e  v a lu e  c a lc u la t e d  from th e  m achine d a ta  o f  
7 .3 4  x 10 3 Wb (and a peak p o le  f lu x  d e n s it y  o f  0 .5 3  T ).
The se a r c h  c o i l  o u tp u t a l s o  en a b led  th e  vector visualiser to  be 
c a l ib r a t e d ,  such  th a t  an o u tp u t o f  1 V o lt  e q u a ls  a peak p o le  s t a t o r  
f l u x  o f  1 .1 1  x 1 0 '3 Wb.
The se a r c h  c o i l  o u tp u t was s c a le d  su ch  th a t  in  g e n e r a l when th e  o u tp u t  
from th e  D/A c o n v e r te r  was d is p la y e d  on an o s c i l l o s c o p e ,  1 V o lt  
e q u a lle d  a peak p o le  f lu x  o f  3. 12 x 10~3 Wb.
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8 .2 .2  to rq u e
8 . 2 .2 . 1  so ftw a r e  model
The s c a l e  was ch osen  su ch  th a t  when ou tp u t v ia  th e  D/A, 1 v o l t  from  
th e  model e q u a ls  an e l e c t r i c a l  to rq u e  o f  5 .8 6  Nm. A 100 Hz ‘RC’ f i l t e r  
was u sed  betw een  th e  D/A c o n v e r te r  o u tp u t and th e  o s c i l l o s c o p e  to  
remove th e  la r g e  s p ik e s  a t  th e  in v e r te r  s w itc h in g  fr eq u en cy .
8 . 2 . 2 . 2  v e c to r  p rod u ct s t r a t e g y
Assuming th e  se a r c h  c o i l  f lu x  space vector to  r e p r e s e n t  j u s t  th e  
s t a t o r  f lu x ,  th en  w ith  know ledge o f  th e  s t a t o r  cu r r e n t space vector 
th e  e l e c t r i c a l  torq u e can be c a lc u la t e d  from Chapter 2 , s e c t io n  2 .4  
and C hapter 6, s e c t io n  6 . 4 .3  (v e c to r  product strategy), from w hich  th e  
o u tp u t can be s c a le d  d i r e c t l y .
However i t  was d ec id ed  to  c a l ib r a t e  th e  torq u e o u tp u t in  th e  s te a d y  
s t a t e  u s in g  th e  t e s t  r i g  DC m achine lo a d . By e s t im a t in g  th e  DC m achine 
l o s s e s  ( f r i c t i o n ,  w indage and I R ), and w ith  know ledge o f  th e  s h a f t  
sp eed  (ta ch o m eter) th e  m ech an ica l torq u e co u ld  be c a lc u la t e d  by 
com paring th e  m ech an ica l and e l e c t r i c a l  pow ers.
The s c a l e  was c a l ib r a t e d  su ch  th a t  1 v o l t  e q u a ls  an e l e c t r i c a l  torq u e
o f  5 .2 2  Nm.
8 . 2 .3  c o n c lu s io n s
The model o v e r -e s t im a te s  th e  peak s t a t o r  f lu x  by 1 .6  % in  com parison  
w ith  th e  m achine d a ta  c a l c u la t io n ,  and th e  se a r c h  c o i l s  u n d e r e s tim a te  
t h i s  by 6 .8  %. T h is  shows th e  model and t h e o r e t i c a l  m achine f lu x  to  be  
in  c l o s e  agreem ent. The 8 .2  % d isc r e p a n c y  betw een  th e  m easured and
m o d elled  f lu x  o u tp u t was la r g e ,  e s p e c i a l l y  when compared to  th e
m ach in e’ s  4 .8  % s t a t o r  le a k a g e  term.
The m o d e lle d  f l u x  may be in  e r r o r  due to  th e  e q u i v a l e n t  num ber o f
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tu rn s  u sed  to  co n v er t from th e  f l u x  lin k a g e  to  f lu x  o u tp u t. T h is  was 
tak en  from th e  o r ig in a l  m achine w in d in g  d a ta  shown in  Appendix M. Even 
i f  th e  m achine had been  re-wound t h i s  v a lu e  would rem ain a p p ro x im a te ly  
c o n s ta n t , p r o v id in g  th e  v o l ta g e  or freq u en cy  r a t in g  had n o t been  
changed. In a d d it io n  th e  model used  th e  m achine p aram eters m easured in  
Chapter 6; a s  s t a t e d  in  Chapter 5, any er r o r  in  th e  m o d elled  m achine 
p aram eters w i l l  have a s e r io u s  e f f e c t  on th e  m o d elled  f lu x  and torq u e  
o u tp u t.
A nother p o s s i b i l i t y  i s  th a t  th e  dynam ic model e q u a tio n s  do n o t ta k e  
in t o  accou n t th e  ir o n  l o s s  (eddy c u rr en t and h y s t e r e s i s ) ,  w hich in  th e  
s te a d y  s t a t e  e q u iv a le n t  c i r c u i t  o f  F ig u re  2 .1 ,  C hapter 2 i s  
r e p r e se n te d  by Rq. The model assum es th a t  a l l  o f  th e  m a g n e tis in g  
c u rr en t ( I q) f lo w s  through  th e  m a g n e tis in g  in d u c ta n ce  (Lq), w hich  
would g iv e  r i s e  to  a la r g e r  f lu x  lin k a g e  m agnitude and phase la g  than  
in  th e  r e a l  m achine. I f  F ig u re  2 .1  r e p r e s e n ts  th e  m achine a c c u r a te ly ,  
th en  under no lo a d  c o n d it io n s  and u s in g  th e  r a te d  f lu x  m achine 
e q u iv a le n t  p aram eters a t  50 Hz, th e  f lu x  m agnitude w i l l  change by 
a p p ro x im a te ly  0 .7 0  %, and th e  p hase by 6 .4 ° .  U sin g  th e  3 7 .5  % f lu x  
p a ra m eters, th e  e f f e c t  i s  s m a lle r , w ith  th e  m agnitude and p hase
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ch an gin g  by 0 .5 1  % and 5 .7  r e s p e c t iv e ly .  T h is  assum es th a t  under no 
lo a d , no r o to r  cu rr en t f lo w s .  In p r a c t ic e  th e r e  w i l l  be a torq u e  
g e n e r a te d  a g a in s t  f r i c t i o n  and w indage. However when s e t t i n g  up th e  
se a r c h  c o i l  r e fe r e n c e  fram e in fo r m a tio n , t h i s  e f f e c t  was ig n o red , and 
th e  p hase a n g le  betw een  th e  no load  s t a t o r  cu rr en t and f lu x  a d ju s te d  
to  0 ° . The m agnitude term w i l l  h e lp  to  redu ce th e  s e a r c h  c o i l  -  model 
d isc r e p a n c y , however th e  p hase e r r o r  in tro d u ced  w i l l  have n e g l i g ib l e  
e f f e c t  on th e  f lu x  m easurem ent, s in c e  th e  model ta k e s  no a cco u n t o f  
th e  ir o n  l o s s ,  and assum es a no lo a d  s t a t o r  c u r r e n t, s t a t o r  f lu x  space 
vector p hase a n g le  o f  0 ° .
An in d ic a t io n  a s  to  w h ether th e  s e a r c h  c o i l  d e r iv e d  f l u x  m agnitude and 
p h ase was d i f f e r e n t  from th e  r e a l  m achine’ s would have been  p o s s ib l e  
from  a com parison  betw een  th e  model and vector product strategy 
to rq u e . I f  th e  sea r ch  c o i l  f lu x  l in k a g e  m agnitude was 8 .2  % l e s s  than  
th e  r e a l  m ach in es, th en  th e  t h e o r e t i c a l  vector product strategy to rq u e  
would be 8 .2  % l e s s  to o . U n fo r tu n a te ly  by c a l ib r a t in g  th e  vector 
product to rq u e s t r a t e g y  o u tp u t d i r e c t l y ,  th e  d i f f e r e n c e  b etw een  th e
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t h e o r e t i c a l  and  m easu red  to rq u e  c a n n o t be o b s e rv e d .
The r e s u l t s  show th e  model to rq u e to  be 1 1 .5  / la r g e r  than  th e
c a l ib r a te d  vector product strategy. T h is  su p p o rts  th e  id e a  th a t  th e  
dynam ic model i s  o v e r e s t im a t in g  th e  m achine f lu x  l in k a g e . I f  th e  
se a r c h  c o i l s  a re  a c t u a l ly  l in k in g  th e  a i r  gap f lu x ,  th en  from C hapter  
2, s e c t io n  2 .4  th e  vector product strategy torq u e c a l c u la t io n  sh o u ld  
s t i l l  y i e l d  an i d e n t i c a l  r e s u l t ,  s in c e  assum ing no r o to r  cu r r e n t under 
no lo a d , th en  th e  s t a t o r  and a ir  gap f lu x  space vectors w i l l  have  
id e n t i c a l  p h ase . The phase e r r o r  due to  th e  n e g le c t  o f  ir o n  l o s s  i s  
a g a in  ir r e le v a n t  fo r  th e  model and vector product s t r a t e g y ,  s in c e  b oth  
assume a 0° torq u e a n g le  betw een  th e  f lu x  and c u rr en t sp a ce  vector 
under no lo a d .
The torq u e e r r o r  may a ls o  be due to  th e  c a l ib r a t io n ,  w hich  was 
perform ed a t  r a te d  f lu x  to  redu ce th e  e r r o r s  in tro d u c ed  by th e  
f r i c t i o n  and w indage e s t im a te d  e f f e c t s .  In a d d it io n  th e  model 3 7 .5  % 
and r a te d  f lu x  p aram eters may n o t r e p r e se n t  th e  r e a l  m achine 
a c c u r a te ly  le a d in g  to  a m o d e llin g  e r r o r  (C hapter 6 , s e c t io n  6 .3 ) .
T aking in to  accou n t th e  many so u r c e s  o f  e r r o r , no c le a r  c o n c lu s io n s  
w ere p o s s ib l e ,  but i t  would appear th a t  th e  model was o v e r -e s t im a t in g  
th e  m achine f lu x  and to rq u e , in  com parison  to  th e  m easured q u a n t i t i e s .  
C a lib r a t io n  s e r v e s  a s  a u s e fu l  f i r s t  s t e p  in  e s t im a t in g  th e  model 
perform ance, but th e  s te a d y  s t a t e  and dynam ic t e s t  w i l l  be more 
c o n c lu s iv e ,  in  c a se  o f  a c o n s ta n t  ‘c a l ib r a t io n  e r r o r ’ .
8 .3  S tea d y  S ta te  Perform ance
The s o ftw a r e  model u sed  th e  c o r r e c t  v a lu e  o f  th e  m achine p aram eters a s  
d e r iv e d  in  Chapter 6, s e c t io n  6 .3 ,  dep en din g on th e  o p e r a t in g  f lu x .  
R e s u lt s  w ere o n ly  tak en  when th e  m achine s t a t o r  ir o n  tem p eratu re  was 
n ea r  3 0 °C.
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8 .3 .1  f l u x
8 . 3 .1 . 1  method
Apart from th e  se a r c h  c o i l  o u tp u t, th en  th e r e  a re  two fu r th e r
e s t im a te s  o f  s t a t o r  f lu x  a v a i la b le ,  one from th e  model and th e  o th e r
from th e  vector visualiser. The th r e e  w ere compared when d is p la y e d  a s
space vectors on th e  o s c i l l o s c o p e .  The freq u en cy  spectrum  o f  each  was
a l s o  checked  w ith  a spectrum  a n a ly s e r  to  s e e  i f  d i g i t a l  sam p lin g  or
a l i a s i n g  was a problem , and to  o b serv e  i f  th e  f lu x  a s  m on itored  by th e
se a r c h  c o i l  c o n ta in s  any e f f e c t s  n o t se e n  by th e  m odel, w hich  assum es
an id e a l i s e d  m achine (C hapter 2 , s e c t io n  2 . 2 .1 ) .  In o rd er  to  compare
th e  m agn itudes o f  th e  s e a r c h  c o i l ,  vector visualiser and th e  model
d e r iv e d  f lu x  lin k a g e  e s t im a te s ,  th e  two s ta t io n a r y  r e fe r e n c e  frame
s t a t o r  f lu x  lin k a g e  space vector com ponents (a~3) w ere squared  and
added in  so ftw a r e , and b oth  o u tp u t to  s e p a r a te  ch a n n e ls  o f  an
o s c i l l o s c o p e .  S in c e  no sq uare r o o t  fu n c t io n  s im p le  enough to  a llo w
f a s t  o n - l in e  c a lc u la t io n  co u ld  be im plem ented in  th e  so ftw a r e , th e
2
( f lu x  lin k a g e  m agnitude) was o u tp u t.
8. 3. 1. 2 so ftw a r e  model v e r s u s  se a r c h  c o i l  v e r su s  v e c to r  v i s u a l i s e r
For (5 0 /6 0 t h ) r a te d  f lu x  w ith  a s t a t o r  su p p ly  fr eq u e n c y  o f  30 Hz and 
under no lo a d , th e  f lu x  space vectors o b ta in e d  from th e  vector 
visualiser, s e a r c h  c o i l  and model a re  shown in  F ig u r e s  8 .1 ,  8 .2  and
8. 3 r e s p e c t iv e ly .
The im p ortan t p o in t  to  n o te  i s  th e  o v e r a l l  agreem ent betw een  a l l  
th r e e . The in t e g r a te d  se a r c h  c o i l  o u tp u t shows l e s s  w e l l  d e f in e d  ed g es  
b eca u se  two c i r c l e s  have been  ca p tu red , n o t j u s t  one. The p a t te r n  i s  
r o ta te d  29° e l e c t r i c a l l y  co u n ter  c lo c k w is e  in  com parison  to  th e  o th e r  
F ig u r e s , s in c e  th e  s e a r c h  c o i l s  were p la c e d  29° e l e c t r i c a l l y  from th e  
a lig n m en t o f  th e  s t a t io n a r y  r e fe r e n c e  fram e ( s t a t o r  cu r r e n t space 
vector m ech an ica l p hase w in d in g s ) ,  and th e  f lu x  o u tp u ts  a re  tak en  
b e fo r e  any c o r r e c t io n  term i s  a p p lie d  in  so ftw a r e . The b r ig h t  s p o ts  
co rresp o n d  to  th e  p au se tim e in  th e  PWM p a tte r n .
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FIGURE 8 .1  0  . vector visualiser: 1. 11x10 3 Wb/V----------------------------s
S im ila r  r e s u l t s  w ere o b ta in e d  w ith  th e  m achine n o m in a lly  a t  3 7 .5  % 
r a te d  f lu x .  The 0 -5 0  Hz fr eq u e n c y  spectrum  o f  th e  s t a t o r  c u r r e n t and 
s t a t o r  f lu x  l in k a g e  from th e  vector visualiser, s e a r c h  c o i l  and model
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a re  shown in  F ig u re  8 .4 ,  fo r  a la r g e  lo a d , a t  3 7 .5  % r a te d  f lu x  w ith  a 
su p p ly  freq u en cy  o f  25 Hz and a s h a f t  sp eed  o f  623 rpm.
FIGURE 8 .3  0 . model: 1 .6 7 x l0 -3 Wb/V------------  ------  —s
FIGURE 8 .4  0 -5 0  Hz freq u en cy  s p e c tr a .  3 7 .5  % 0 , 623 RPMSRATED
11 Hz 15 Hz 25 Hz 35 Hz
I- s -4 0 dB -3 0 dB 0 dB —
¥- s VECTOR VISUALISER -5 5 dB -4 8 dB 0 dB -5 2 dB
SEARCH COIL -3 0 dB -4 0 dB 0 dB
01 dB
is MODEL -4 5 dB -3 0 dB 0 dB -5 0 dB
The sy m m etrica l (ab ou t 25 Hz) lo w e r /h ig h e r  p eak s r e p r e s e n t  th e  s id e  
bands o f  th e  25 Hz m odulated  by th e  r o to r  sp eed  (a p p ro x im a te ly  1 0 .4  
H z), to  g iv e  3 5 .4  Hz and 1 4 .6  Hz com ponents, w hich  i s  due to  r o to r  
s a l i e n c y  (m a g n etic  or p h y s ic a l )  in  t h i s  fo u r  p o le  m achine. 
The se a r c h  c o i l  and model have d i f f e r i n g  s e n s i t i v i t i e s  to  th e s e  sm a ll 
a m p litu d e  com ponents.
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FIG 8.5 FLUX SQUARED
STATOR FLUX MAGNITUDE (x1E-03 Wb)~2
S H A FT SPEED  RPM
3 7 .5 %  R A T E D  F L U X  S T E A D Y  S TA TE
S e v e r a l a d d it io n a l  low a m p litu d e freq u en cy  com ponents w ere o b serv ed . 
T hese may be g e n e r a te d  by in v e r te r  sub harm on ics, or from  th e  m achine  
c o n s tr u c t io n  ( s lo t /w in d in g  e f f e c t s ) .  The a m p litu d e  o f  th e  a d d it io n a l  
fr eq u e n c y  com ponents v a r ie s  betw een  th e  method o f  m easurem ent. T h is  
s u g g e s t s  th e  s e a r c h  c o i l  and model d e r iv e d  o u tp u ts  to  have d i f f e r i n g  
s e n s i t i v i t i e s  to  r e a l  m achine e f f e c t s .  The vector visualiser 
m o n ito r in g  th e  m achine te rm in a l v o l t a g e  i s  l e s s  s e n s i t i v e  to  th e s e .
To compare th e  a m p litu d e  o f  th e  model and se a r c h  c o i l  s t a t o r  f lu x  
space vectors, th e  a  and ft com ponents w ere sq uared  and added to g e th e r  
to  g iv e  th e  sq u a r es  o f  th e  f l u x  l in k a g e  m agn itu d es, w h ich  co u ld  be 
d is p la y e d  on se p a r a te  o s c i l l o s c o p e  c h a n n e ls . As d e s c r ib e d  in  th e  
c a l i b r a t i o n  th e  two t r a c e s  w ere o f  i d e n t i c a l  s i z e  a c r o s s  th e  sp eed  
ra n g e , how ever th e  s c a l e s  d i f f e r e d  s l i g h t l y .  At n o m in a lly  3 7 .5  % r a te d  
f l u x ,  and w ith  no lo a d  th e  r e s u l t s  a re  shown a g a in s t  sp eed  in  F ig u re  
8 .5 .  From t h i s  we can s e e  th e  m achine s t a t o r  f l u x  l in k a g e  space vector 
a m p litu d e  i s  n o t c o n s ta n t ,  b ut b u i ld s  up s lo w ly  w ith  su p p ly  fr e q u e n c y
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u n t i l  around 25 Hz (750 rpm), above w hich  i t  m a in ta in s  a c o n s ta n t  
v a lu e . The a c tu a l  f lu x  m agnitude change i s  sm a lle r  than  th a t  in d ic a te d  
by th e  squared  wave form s, b e in g  th e  square r o o t o f  th e  d i f f e r e n c e ,  
and i s  due to  th e r e  b e in g  no low sp eed  in v e r te r  b o o s t  to  com pensate  
f o r  th e  s t a t o r  r e s i s t a n c e  v o l ta g e  drop.
8 . 3 . 1 . 3  c o n c lu s io n s
When d r iv in g  th e  m achine from th e  in v e r te r  (w ith  no low  sp eed  b o o s t )  
th e  s t a t o r  f lu x  l in k a g e  m agnitude in c r e a s e d  w ith  o u tp u t fr eq u e n c y ,  
w hich  would a f f e c t  th e  m achine to rq u e c a p a b i l i t y  a t  low sp e e d s . T h is  
e f f e c t  was ex a g g e ra te d  s in c e  we a re  o b se r v in g  th e  sq u are  o f  t h i s  f lu x  
l in k a g e  m agnitude. In a d d it io n  th e  s t a t o r  su p p ly  fr e q u e n c y  f lu x  
com ponent was m odulated  by th e  r o to r  s h a f t  sp eed  a s  can be se e n  in  th e  
c u r r e n t , s e a r c h  c o i l ,  vector visualiser and model fr e q u e n c y  s p e c tr a .  
T h is  in d ic a t e s  a m a g n etic  or p h y s ic a l  r o to r  s a l i e n c y .  The fr eq u e n c y  
s p e c tr a  a l s o  show th e  d i f f e r i n g  s e n s i t i v i t y  o f  th e  m easurement schem es 
to  th e  v e r y  sm a ll d i f f e r e n c e s  b etw een  th e  r e a l  and i d e a l i s e d  m achine. 
The model d ed u ces th e  f l u x  from  m easuring th e  s t a t o r  c u r r e n ts  and 
s h a f t  s p e e d /p o s i t io n ,  to g e th e r  w ith  a know ledge o f  th e  m achine 
p a ra m eters. Due to  r o to r  i n e r t i a ,  th e  s t a t o r  cu r r e n t m easurem ents must 
c o n ta in  th e  n e c e s s a r y  non id e a l  in fo rm a tio n . I f  in  th e  r e a l  m achine 
th e  f l u x  co n ta in e d  a term w hich  was n o t r e f l e c t e d  in  th e  s t a t o r  
c u r r e n t , th en  th e  model would n o t show th e  e f f e c t ,  though  i t  would  
have b een  o b serv ed  u s in g  th e  s e a r c h  c o i l s .  N ote th e  f l u x  can c o n ta in  
sp a ce  harm onics w hich  a re  n o t r e p r e se n te d  in  th e  c u r r e n t due to  th e  
non id e a l  w in d in g s o f  th e  m achine.
The m odel, se a r c h  c o i l  and vector visualiser s t a t o r  f l u x  space vector 
showed good g e n e r a l agreem ent when d is p la y e d  on th e  o s c i l l o s c o p e .
Under s te a d y  s t a t e  c o n d it io n s  th e  perform ance o f  th e  model m atched th e  
s e a r c h  c o i l  d e r iv e d  f lu x  to  a good a ccu ra cy  a c r o s s  th e  sp eed  range  
(n o te , a t  v e r y  low s t a t o r  su p p ly  fr e q u e n c ie s ,  th e  se a r c h  c o i l  o u tp u t  
was in v a l id  due to  in t e g r a t o r  d r i f t ) .
T hese r e s u l t s  would appear to  show th a t  th e  c o r r e c t  m achine p aram eters  
had b een  ch o sen  f o r  th e  model f o r  th e  3 7 .5  % o f  r a te d  f l u x  c o n d it io n s .  
At r a te d  f l u x  th e  model and se a r c h  c o i l  p erform an ce a l s o  a g re e
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a d e q u a te ly , but th e  r e s u l t s  have n o t been  shown due to  sp a ce  
l im i t a t io n s .  The 8 .2  % d i f f e r e n c e  in  th e  model v e r s u s  se a r c h  c o i l  f lu x  
m agnitude s c a l e s  has been  f u l l y  d is c u s s e d  in  s e c t io n  8 . 2 .3 ,  and may 
r e p r e s e n t  a c a l ib r a t io n  e r r o r .
8. 3. 2 Torque
8 . 3 .2 . 1  method
At n o m in a lly  3 7 .5  % and r a te d  m achine f lu x ,  th e  m achine was load ed  by 
th e  t e s t  r i g  DC d r iv e  to  more than  tw ic e  i t s  r a te d  to rq u e  ( fo r  th e  
g iv e n  f l u x ) .  The e l e c t r i c a l  to rq u e d e r iv e d  from th e  model was compared 
in  tim e and freq u en cy  w ith  th a t  d e r iv e d  u s in g  th e  vector product 
strategy (Chapter 6, s e c t io n  6 . 4 .3 ) .  Common to  b o th  m ethods was th e  
m easured s t a t o r  c u rr en t space vector.
In a d d it io n  th e  model r o to r  tim e c o n s ta n t  was v a r ie d  by ±30 % and th e  
e f f e c t s  th en  compared w ith  th e  t h e o r e t i c a l  a n a ly s i s  o f  param eter  
s e n s i t i v i t y  o f  C hapter 5, s e c t io n  5 .3 .
8. 3 .2 .2  s o f  tw are model v e r s u s  v e c to r  p rod uct s t r a t e g y
At 3 7 .5  % r a te d  f lu x ,  w ith  th e  in d u c t io n  m achine under lo a d  from th e  
DC d r iv e ,  th e  to rq u e o u tp u ts  w ere compared to  tw ic e  r a te d  to rq u e . 
F ig u re  8 .6  shows th e  e x c e l l e n t  agreem ent betw een  th e  model and vector 
product strategy.
Next th e  100 Hz o u tp u t f i l t e r s  to  remove th e  1 kHz in v e r t e r  s w itc h in g  
fr eq u e n c y  were removed. W ith th e  m achine running under a p p ro x im a te ly  
r a te d  lo a d  to rq u e , w ith  n o m in a lly  3 7 .5  % r a te d  f lu x  and a s h a f t  sp eed  
o f  626 rpm and a s t a t o r  su p p ly  fr eq u e n c y  o f  25 Hz th e  model e l e c t r i c a l  
to rq u e  o u tp u t was a n a ly se d . F ig u re  8 .7  shows th e  fr eq u e n c y  spectrum  
from  0 to  50 Hz. T h is  shows th e  reduced  torq u e r ip p le  a t  m u lt ip le s  o f  
th e  su p p ly  fr eq u e n c y  (25 Hz, 50 Hz, -5 0  dB), w hich  in d ic a t e s  th e  
sy stem  o f f s e t s  and g a in s  to  have been  c o r r e c t ly  s e t  up. Some 
a d d it io n a l  fr e q u e n c ie s  a t  low a m p litu d es  a re  p r e s e n t ,  w hich  a re  due to
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FIG 8.6 TORQUE
TORQUE MAGNITUDE (xRated)
DC M ACHINE TO RQ UE (xR ated  /1 0 0 )
3 7 .5 %  R A T E D  F L U X  S T E A D Y  S T A T E
FIGURE 8 .7  M : model 0 -5 0  Hz fr eq u e n c y  spectrum , 10 d B /D iv , 5 H z/D iv
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c u r r e n t  and f l u x  h arm on ics, due to  th e  m achine c o n s tr u c t io n  and 
in v e r t e r  o p e r a t io n , in t e r a c t in g  to  produce to rq u e . Under i d e n t i c a l
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c o n d it io n s  th e  vector product strategy torqu e spectrum  o u tp u t showed  
some d i f f e r in g  low am p litu d e  fr eq u en cy  com ponents compared to  th e  
m odel, but th e  same (-5 0  dB) to rq u e r ip p le  a t  m u lt ip le s  o f  th e  su p p ly  
freq u en cy .
The torq u e measurement sy stem s w ere s e n s i t i v e  enough to  show th e  
in v e r te r  torq u e r ip p le  a t  a p p ro x im a te ly  1 kHz. F ig u re  8 .8  shows th e  
model (to p )  and vector product strategy (bottom ) to rq u e r ip p le  a t  220  
rpm under no lo a d , and r a te d  f lu x .  The r ip p le  co rresp o n d s to  
a p p ro x im a te ly  ±15 % o f  th e  r a te d  e l e c t r i c a l  to rq u e. At t h i s  fr eq u en cy  
we can s e e  th e  model and vector product strategy to  have s l i g h t l y  
d i f f e r e n t  g a in s  and o f f s e t s .
The r a te d  f lu x  r e s u l t s  gave s im i la r  r e s u l t s ,  but have n o t been  shown 
h ere  due to  sp a ce  l im i t a t io n s .
FIGURE 8 .8  M r ip p le ,  220 rpm, 0 : model (TOP) 5 .8 6  Nm/V, vectorE RATED
product strategy (BOTTOM) 5 .2 2  Nm/V, 1 m s/D iv
5,00 n ' i /u  i v
8 . 3 . 2 . 3  param eter s e n s i t i v i t y
I f  th e  model and m achine p a ra m eters a re  in c o r r e c t ,  th en  th e  model and
m achine o u tp u ts  w i l l  d iv e r g e  (C hapter 5 ) .  In t h i s  c a s e  we have t e s t e d
th e  m od el’ s  s e n s i t i v i t y  to  th e  r o to r  tim e c o n s ta n t  (T ) , by com paringR
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th e  m odel’ s  s te a d y  s t a t e  o u tp u t torq u e to  th a t  o b ta in e d  from th e  
vector product strategy w hich i s  param eter in d ep en d en t. For r a te d  
m achine f lu x  and under v a ry in g  s te a d y  s t a t e  lo a d s  a p p lie d  v ia  th e  DC 
m achine, th e  model v e r su s  th e  vector product to rq u e o u tp u ts  w ere 
compared fo r  b oth  a 30 % in c r e a s e  and a 30 % d e c r e a s e  in  model r o to r  
tim e c o n s ta n t  (T ) a s  shown in  F ig u re  8 .9 .  T hese r e s u l t s  a re  in
R
agreem ent w ith  th e  t h e o r e t i c a l  r e s u l t s  o f  Chapter 5, w hich  show th a t  
i f  th e  model tim e c o n s ta n t  i s  l e s s  than  th a t  o f  th e  m achine, th e  model 
p rod u ces more torq u e than  th e  m achines, and c o n v e r s e ly  i f  th e  model 
has a la r g e r  tim e c o n s ta n t  than  th e  m achine, th e  model p rod u ces l e s s  
torq u e than th e  m achine. I t  would a l s o  appear th a t  th e  e f f e c t  o f  a 30 
% d e c r e a se  in  r o to r  tim e c o n s ta n t  has a la r g e r  e f f e c t  than  a 30 % 
in c r e a s e .  T h is i s  in  agreem ent w ith  th e  r e s u l t s  o f  C hapter 5, s e c t io n
5 .3 .2 ,  and so  c o r r o b o r a te s  th e  v a l i d i t y  o f  th e  measurement o f  
p aram eters re p o r ted  in  Chapter 6, s e c t io n  6 .3 .
F I G  8 . 9  S E N S I T I V I T Y
MODEL TORQUE Nm
V EC TO R  PR O D UC T TO RQ UE (Nm )
1 0 0 %  R A T E D  F L U X  S T E A D Y  S T A T E
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8 . 3 . 2 . 4  c o n c lu s io n s
Under r a te d  f lu x  and 3 7 .5  % r a te d  f lu x  th e  model and vector product 
to rq u e o u tp u ts  w ere in  e x c e l l e n t  agreem ent when t e s t e d  up to  tw ic e  
r a te d  to rq u e. The 1 1 .5  % d i f f e r e n c e  in  th e  model v e r s u s  vector product 
strategy m agnitude s c a l e s  h as been  f u l l y  d is c u s s e d  in  s e c t io n  8 .2 .3 ,  
and may r e p r e s e n t  a c a l ib r a t io n  e r r o r . The r e s u l t s  in d ic a t e  th e  
m achine p aram eters a t  b o th  f lu x  l e v e l s  to  be a d eq u a te , and th e  o f f s e t s  
and g a in s  to  have been  c o r r e c t ly  s e t  up. A minor d isc r e p a n c y  betw een  
th e  vector product strategy ( s e a r c h  c o i l )  and model d e r iv e d  torq u e  
fr eq u e n c y  s p e c tr a  shows th a t  th e  sea r ch  c o i l  and model d e r iv e d  f lu x  
l in k a g e  space vectors d i f f e r ,  a s  sp a ce  harm onics a re  ig n o red  in  th e  
Leonhard m achine m odel. U sin g  th e  t e s t  r ig  th e  1 kHz in v e r te r  
s w itc h in g  torq u e r ip p le  can be d is p la y e d  a d e q u a te ly , and i s  shown to
corresp on d  to  ±15 % o f  th e  r a te d  to rq u e . T h is  shows th e  measurement
sy stem  to  be o p e r a t in g  to  in  e x c e s s  o f  1 kHz a s  in ten d e d . In a d d it io n  
th e  param eter s e n s i t i v i t y  a n a ly s i s  o f  C hapter 5 h as been  t e s t e d  and 
d em on stra ted  to  be s u b s t a n t i a l l y  c o r r e c t .
8 .4  Dynamic Perform ance
8 .4 .1  t h e o r e t i c a l  perform ance
In th e s e  dynam ic t e s t s  we a re  s te p  in c r e a s in g  th e  su p p ly  freq u en cy  by 
10 % o f  r a te d  (and th e  v o l t a g e  by a co rresp o n d in g  amount to  m a in ta in  
f lu x  c o n s ta n t )  from a s te a d y  s t a t e  s h a f t  sp eed , w ith  a la r g e  i n e r t i a  
on th e  r o to r  s h a f t .  The co rresp o n d in g  in c r e a s e  in  th e  s l i p  fr eq u en cy  
i s  5 Hz ( e l e c t r i c a l ) ,  w hich  i s  a c t u a l ly  an in c r e a s e  o f  8 7 .5  % ov er  th e  
r a te d  v a lu e . Such a la r g e  change i s  n e c e s s a r y  in  ord er  to  s e p a r a te  th e  
to rq u e  and f lu x  l in k a g e  t r a n s ie n t s  from th e  background n o is e .  
P r o v id in g  we a re  o p e r a t in g  under 3 7 .5  % o f  r a te d  f lu x ,  th e  m agnitude  
o f  th e  to rq u e s te p  fo r  even  su ch  a la r g e  change w i l l  be r e l a t i v e l y  
s m a ll ,  and w i l l  le a d  to  a r e l a t i v e l y  s lo w  change in  r o to r  sp eed
( s e c t io n  8 . 1 . 3 ) .  Hence th e  t h e o r e t i c a l  v o l ta g e  fe d  in d u c t io n  m achine
t r a n s ie n t  r e sp o n se  o f  C hapter 3 w i l l  be v a l id .
A table of eigen-values calculated from the machine parameters of
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(SYNCHRONOUS REFERENCE FRAME)
FIG 8 .1 0  T e s t  r i g  m /c e ig e n - v a lu e s ,  187 % s l i p ,  3 7 .5  % r a t e d  f l u x
f  Hz ~ s  — E ± j  F G ± j  H E ms F Hz G ms H Hz
0 - 1 8 2 .2 1 ± j l7 .59 - 5 . 1 0 + j l3 .82 5 .5 2 .8 196. 1 2 .2
2 .5 - 1 8 3 .21 ± j2 4 . 49 - 4 . 07 ± j2 2 . 63 5 .5 3. 9 2 4 5 .7 3. 6
5 .0 - 1 8 3 .58± J31 . 42 - 3 . 7 3 ± j3 1 . 42 5. 5 5. 0 266. 0 5 .0
7 .5 - 1 8 3 .24±J38. 34 - 4 . 0 7 ± j4 0 . 20 5. 5 6. 1 245. 7 6. 4
10. 0 - 1 8 2 .21 ± j4 5 . 24 - 5 . 1 0 ± j4 9 .01 5 .5 7 .2 196. 1 7. 8
1 2 .5 - 1 8 0 .4 8 ± j5 2 .09 - 6 . 8 3 ± j5 7 .86 5 .5 8. 3 146. 4 9. 2
1 5 .0 - 1 7 8 .0 0± j58 . 87 - 9 . 3 1 ± j6 6 .79 5 ,6 9 .4 1 0 7 .4 10. 6
17. 5 - 1 7 4 .71 ± j6 5 . 53 - 1 2 . 6 0 ± j7 5 .84 5. 7 10. 4 79. 4 12. 1
2 0 .0 - 1 7 0 .5 2± j72 . 02 - 1 6 . 7 9 ± j 8 5 .06 5 .9 11. 5 59. 6 13. 5
2 2 .5 - 1 6 5 .2 8± j78 . 23 - 2 2 . 03 ± j9 4 . 56 6. 1 1 2 .5 45. 4 15. 1
25. 0 - 1 5 8 .7 9 ± j8 3 . 99 - 2 8 . 5 2 ± j l0 4 . 5 6. 3 13. 4 35. 1 16. 6
2 7 .5 - 1 5 0 .7 7± j88 . 94 - 3 6 . 5 4 ± j l 1 5 .3 6 .6 14. 2 27. 4 18. 4
3 0 .0 - 1 4 0 .8 8± j92 . 27 - 4 6 . 4 3 ± j l2 7 .6 7. 1 14. 7 21. 5 20. 3
32. 5 - 1 2 9 .44 ± j9 2 . 14 - 5 7 . 8 7 ± j l4 3 .5 7. 7 1 4 .7 1 7 .3 2 2 .8
35. 0 - 1 1 9 .73±J87. 23 - 6 7 . 5 8 ± j l6 4 ,1 8 .4 13. 9 14. 8 26. 1
37. 5 - 1 1 4 .30±J80. 93 - 7 3 . 0 1 ± j l8 6 .1 8 .7 12. 9 1 3 .7 29. 6
40. 0 - 1 1 1 .4 4 ± j 7 5 .64 - 7 5 . 8 7 ± j2 0 7 .1 9 .0 12. 0 1 3 .2 33. 0
42. 5 - 1 0 9 .7 6 ± j7 1 .4 3 - 7 7 . 5 5 ± j2 2 7 .0 9. 1 1 1 .4 12. 9 36. 1
4 5 .0 - 1 0 8 .6 6 ± j6 8 .02 - 7 8 . 6 5 ± j2 4 6 .13 9 .2 10. 8 1 2 .7 3 9 .2
4 7 .5 -1 0 7 .8 9 + J65. 21 - 7 9 . 4 2 ± j2 6 4 .65 9 .3 1 0 .4 1 3 .6 42. 1
50. 0 - 1 0 7 .3 3 ± j6 2 . 85 - 7 9 . 9 8 1 J 2 8 2 .73 9. 3 10. 0 1 2 .5 4 5 .0
C hapter 6, s e c t io n  6 .3 ,  f o r  187 % o f  r a te d  s l i p  fo r  d i f f e r i n g  m achine 
f i n a l  s t a t o r  su p p ly  f r e q u e n c ie s  ( f  ) i s  shown in  F ig u re  8 .1 0 .  T h is  
t a b le  a l s o  g iv e s  th e  t r a n s ie n t  d eca y  tim e c o n s ta n t  and o s c i l l a t i o n  
fr eq u e n c y  in  th e  sy n ch ro n o u s ly  r o t a t in g  r e fe r e n c e  fram e.
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8 .4 .2 i n v e r t e r  p e r fo rm a n c e
The t h e o r e t i c a l  t r a n s ie n t  perform ance d em on strated  in  C h ap ters 3 and 4 
assum es a s t e p  change in  s t a t o r  su p p ly  v o lta g e  and fr eq u e n c y . In t h i s  
t e s t  r i g  s e t  up i t  i s  th e  in v e r te r  w hich  d e f in e s  th e  t r a n s ie n t  s t a t o r  
su p p ly  v o l ta g e  and fr eq u en cy  perform ance. The perform ance o f  th e  
in v e r te r  was m on itored  from  two o f  th e  m achine’ s  s t a t o r  l i n e  to  l i n e  
s u p p l ie s ,  u s in g  th e  scheme o f  C hapter 6, s e c t io n  6 . 2 .4  w ith  a 100 Hz 
f i r s t  ord er low p a ss  f i l t e r  to  e x t r a c t  th e  fundam ental v o l ta g e  and 
fr eq u en cy  com ponents. For o u tp u t fr e q u e n c ie s  up to  10 Hz, th e  s te p  
produced by th e  in v e r te r  ( t  = 0 ) was in c o n s i s t e n t  (F ig u r e s  8 .1 1 ,  
8 .1 2 ) ,  w hereas above 10 Hz th e  o u tp u t was u n ifo rm ly  good. The ca u se  o f  
th e  poor waveform fo r  th e  f i r s t  h a l f  c y c le  o f  th e  new freq u en cy  
(F ig u re  8. 12) was n o t e s t a b l i s h e d ,  but may be in  th e  ‘g ea r  ch an ge’ 
p r o c e s s , w hich  ch an ges s w itc h in g  freq u en cy  a s  w e ll  a s  th e  ou tp u t  
fr eq u en cy . I t  was b e l ie v e d  th a t  th e  f i l t e r  r i s e  tim e (3 .7  ms) was 
s h o r t  enough n o t to  d i s t o r t  th e  r e s u l t s .
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8 . 4 .3  f lu x  re sp o n se
8 .4 .3 . 1  method
The sq uare o f  th e  m agnitude o f  th e  model and se a r c h  c o i l  d e r iv e d  
s t a t o r  f lu x  were compared fo r  5 Hz ( e l e c t r i c a l )  s t e p  in c r e a s e s  o f  s l i p  
fr eq u e n c y  ( i . e .  10% o f  r a te d  s t a t o r  fr e q u e n c y ) , a c r o s s  th e  sp eed  range  
a t  n o m in a lly  3 7 .5  % o f  r a te d  f lu x .
8 . 4. 3. 2 so ftw a r e  model v e r s u s  se a r c h  c o i l
At v e r y  low sp eed s  th e  s e a r c h  c o i l  d e r iv e d  f l u x  o u tp u t d o es  n o t  
c o n ta in  th e  o s c i l l a t i o n  fr eq u en cy  se e n  in  th e  model; t h i s  may be 
r e la t e d  to  th e  sm a ll se a r c h  c o i l  o u tp u t b e in g  b u r ie d  in  th e  n o is e .
At h ig h e r  s h a f t  s p e e d s / s t a t o r  su p p ly  f r e q u e n c ie s  th e  model and se a r c h  
c o i l  o u tp u t showed c l o s e  agreem ent to  th e  dom inant tim e c o n s ta n t  and 
o s c i l l a t i o n  fr eq u e n c y  p r e d ic te d  by th e  e ig e n - v a lu e s .  However in  each  
c a s e  th e  se a r c h  c o i l  o u tp u t appeared  to  have a 5 -1 5  ms tim e d e la y
o
(4 5 -7 5  phase la g )  in  com parison  w ith  th e  m odel. F ig u re  8 .1 3  i s  fo r  an  
i n i t i a l  s h a f t  sp eed  o f  300 rpm, w ith  th e  s t a t o r  su p p ly  fr eq u e n c y
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s te p p ed  to  15 Hz, and F ig u re  8. 14 an expanded tr a c e  o f  th e  450 rpm to  
20 Hz r e sp o n se . The s t e p  was a p p lie d  a t  t  = 0 se c o n d s , n o te  th e  tim e  
d e la y  in  F ig u re  8. 14 o f  1 0 -15  ms, which may be due to  th e  in v e r te r  
t r a n s ie n t  re sp o n se .
FIGURE 8. 13 |0  I2. 0 .3 7 5  0  , 15 Hz: model (TOP) ( 3 . 4 0 x l0 -3Wb)2/V ,—  ---------  • —3 I RATED
sea r ch  c o i l  (BOTTOM) (3 . 12xlO _3Wb)2/V , 50 m s/D iv
FIGURE 8. 14 10 !2. 0 .3 7 5  0 . 20 Hz: model (TOP) ( 3 . 4 0 x l0 ~ 3Wb)2/V .------------------------ I r s I RATED
sea r ch  c o i l  (BOTTOM) (3 . 12xlO~3Wb)2/V , 20 m s/D iv
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8 . 4 . 3 . 3  c o n c lu s io n s
The model and se a r c h  c o i l  o u tp u ts  showed re a so n a b le  agreem ent e x c e p t  
fo r  a tim e d e la y  (5 -1 5  m s)/p h a se  s h i f t  (4 5 - 7 5 ° ) ,  and t r a n s ie n t  
m agnitude g a in , w ith  th e  se a r c h  c o i l  o u tp u ts  b e in g  s m a lle r  and la g g in g  
b eh in d  th o se  o f  th e  m odel. The s ig n  o f  th e  phase s h i f t / t i m e  d e la y  i s  
c o n s i s t e n t  w ith  th e  n e g le c t  o f  th e  h y s t e r e s i s  l o s s  in  th e  m odel. 
However a ch eck  on th e  numbers d o es  n o t on i t s  own a cco u n t f o r  th e  
m agnitude. The so u rce  o f  t h i s  d isp la c e m e n t co u ld  n o t be tr a c e d , s in c e  
in  s te a d y  s t a t e  th e  model and se a r c h  c o i l  q u ad ratu re com ponents o f  
f l u x  lin k a g e  w ith  r e s p e c t  to  th e  s ta t io n a r y  r e fe r e n c e  fram e have  
i d e n t i c a l  p h a se , but would t r a n s i e n t ly  d i f f e r .  T h is  may be due to  th e  
se a r c h  c o i l s  n o t l in k in g  j u s t  th e  s t a t o r  f lu x ,  but o th e r  s t r a y  f lu x e s  
to o  (eg  a i r  gap f l u x ) .  The s t a t o r ,  a i r  gap and r o to r  f lu x  re sp o n se  
show a sm a ll m agnitude and phase d i f f e r e n c e  t r a n s i e n t ly  (C hapter 4, 
s e c t io n  4 .4  s im u la t io n  r e s u l t s ) .  In a d d it io n  th e  p r e d ic te d  d eca y  and 
fr eq u e n c y  o f  o s c i l l a t i o n  agreed  to  a r e a so n a b le  a ccu ra cy  w ith  th e  
dom inant e ig e n -v a lu e s ,  w ith  th e  model show ing a more positive r e sp o n se  
than  th e  se a r c h  c o i l .  T h is  i s  h a rd ly  s u r p r is in g  s in c e  th e  e q u a tio n s  
u sed  to  c a l c u la t e  th e  e ig e n -v a lu e s  a re  e x a c t ly  th o s e  u sed  in  th e  
dynam ic model so ftw a r e . However, t h i s  g iv e s  c o n fid e n c e  th a t  th e  
h a rd w a re /so ftw a re  was produced c o r r e c t ly ,  and th e  m achine p aram eters  
a re  a d eq u ate .
8 . 4 .4  torq u e re sp o n se
8 . 4 .4 . 1  method
187 % o f  r a te d  s t e p  s l i p  fr eq u e n c y  ch an ges w ere a p p lie d  a s  d e s c r ib e d  
f o r  th e  dynam ic f lu x  ex p er im en ts . To e l im in a te  th e  1 kHz in v e r te r  
s w itc h in g  r ip p le ,  a s im p le  100 Hz (3  dB p o in t )  f i r s t  o rd er  ‘RC’ f i l t e r  
was u sed  on th e  o u tp u ts  b e fo r e  th e  o s c i l l o s c o p e .  In a d d it io n ,  to  t e s t  
th e  param eter s e n s i t i v i t y  o f  th e  model th e  r o to r  tim e c o n s ta n t  was 
changed by ±30 % o f  th e  e x p e c te d  v a lu e  and th e  r e s p o n s e s  o b serv ed .
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8 . 4 . 4 . 2  s o f tw a re  m odel v e r s u s  v e c to r  p ro d u c t  s t r a t e g y
As i s  th e  c a s e  fo r  th e  f lu x  re sp o n se , a t  v ery  low sp eed s  th e  se a r c h  
c o i l  d e r iv e d  torq u e ou tp u t d o es  n o t produce any form  o f  t r a n s ie n t  
re sp o n se , a lth o u g h  th e  model a g r e e s  w e ll  w ith  th e  t h e o r e t i c a l  
e ig e n -v a lu e  dom inant re sp o n se . At h ig h e r  sp eed s  th e  vector product 
strategy ( s e a r c h  c o i l )  o u tp u t i s  o n ly  in  m oderate agreem ent w ith  th e  
th eo r y . F ig u re  8 .1 5  i s  f o r  an i n i t i a l  s h a f t  sp eed  o f  300 rpm, w ith  th e  
s t a t o r  su p p ly  fr eq u en cy  s te p p ed  to  15 Hz (a t  t  « 0 ) .  The d eca y  tim e  
c o n s ta n t  and vector product strategy o s c i l l a t o r y  to r q u es  a re  a s  
p r e d ic te d , and th e  i n i t i a l  r e sp o n se s  (0 -1 0  ms) appear id e n t i c a l .  
However n e i th e r  ou tp u t r e p r e s e n ts  th e  t h e o r e t i c a l  r e sp o n se  o f  C hapters  
3 and 4.
15 Hz: model (TOP) 5 .8 6  Nm/V, vector
product strategy (BOTTOM) 5 .2 2  Nm/V, 50 m s/D iv
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For an i n i t i a l  s h a f t  sp eed  o f  375 rpm, and th e  s t a t o r  su p p ly  s te p p ed  
to  1 7 .5  Hz a t  t  = 0 (F ig u re  8 .1 6 ) ,  th e  se a r c h  c o i l  o u tp u t i s  in  
m oderate agreem ent w ith  th e  t h e o r e t i c a l  e ig e n - v a lu e s  r e sp o n se . At 
s t i l l  h ig h e r  s p e e d s / f r e q u e n c ie s  th e  t r a n s ie n t  r e s p o n s e s  a l l  lo o k  
s im i la r ,  r e p r e s e n te d  by F ig u re  8. 17 fo r  750 rpm to  30 Hz. T hese  
r e s p o n s e s  have s im i la r  d eca y  tim e s  and a re  b e in g  l im it e d  by th e  
in v e r te r  dynam ic p erform an ce , a s  th e  t h e o r e t i c a l  t r a n s ie n t  d eca y  i s  
v e r y  s h o r t .  F ig u re  8 .1 7  a l s o  shows th e  tim e d e la y  b e fo r e  th e  s t a r t  o f
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FIGURE 8 .1 6  M . 0 .3 7 5  0  , 1 7 . 5  Hz: model (TOP) 5 .8 6  Nm/V, vector------------------------- E RATED
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30 Hz: model (TOP) 5 .8 6  Nm/V, vector
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th e  t r a n s ie n t ,  presum ably due to  an in v e r te r  d e la y .
To ch eck  th e  model v e r s u s  th e  se a r c h  c o i l  d e r iv e d  p erform an ce d u r in g  
th e  f i r s t  20 ms, th e  o u tp u ts  w ere tak en  b e fo r e  th e  100 Hz f i l t e r s .  
F ig u r e  8 .1 8  shows th e  r e s p o n s e s  f o r  a 225 rpm to  1 2 .5  Hz s t e p  (a t  t  =
163
0 ) .  T h is shows th e  id e n t i c a l  perform ance o f  th e  w aveform s, a s  
su p p orted  from lo o k in g  a t  th e  s t a r t  o f  F ig u r e s  8. 15 to  8 .1 7 .
FIGURE 8, 18 M o re  f i l t e r .  0 .3 7 5  \b . 1 2 . 5  Hz: model (TOP) 5 .8 6-----------   E RATED
Nm/V, vector product strategy (BOTTOM) 5 .2 2  Nm/V, 5 m s/D iv
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8 . 4 . 4 . 3  param eter s e n s i t i v i t y
To t e s t  th e  model param eter s e n s i t i v i t y ,  and a l s o  to  t r y  to  improve 
th e  dynam ic torq u e r e s u l t s ,  th e  r o to r  tim e c o n s ta n t  was v a r ie d  by ±30 
%. T hese r e s u l t s  w ere o b ta in e d  e a r l i e r  in  th e  e x p e r im e n ta tio n , when an 
o f f s e t  was s t i l l  p r e s e n t  in  th e  se a r c h  c o i l  o u tp u ts  and so  a tw ic e  
s t a t o r  su p p ly  fr eq u en cy  to rq u e r ip p le  can be o b serv ed  in  th e  vector 
product strategy o u tp u t. For a 30 % in c r e a s e  F ig u re  8 .1 9  shows th e  450  
rpm to  20 Hz o p e r a t in g  s t e p ,  and s im i la r ly  F ig u re  8 .2 0  shows th e  30 % 
d e c r e a s e  r e sp o n se . The model ( to p )  and se a r c h  c o i l  (b ottom ) d e r iv e d  
o u tp u ts  show th e  same i n i t i a l  r i s e  (0 -1 0  ms) b ut t h e r e a f t e r  d i f f e r  
t r a n s i e n t ly .  In g e n e r a l,  to o  la r g e  a model tim e c o n s ta n t  p ro d u ces a 
f a s t  i n i t i a l  r e sp o n se , w hich  th en  s lo w s  down and o s c i l l a t e s  b e fo r e  
d e c a y in g . W ith to o  sm a ll a model tim e c o n s ta n t , th e  t r a n s ie n t  r e sp o n se  
i s  v e r y  s lu g g is h  r i s i n g  to  a la r g e  peak torq u e b e fo r e  d e c a y in g  s lo w ly .  
The to rq u e  m agnitude e r r o r s  in  s te a d y  s t a t e  a re  in  agreem ent w ith  th a t  
f o r  th e  s te a d y  s t a t e  to rq u e  param eter s e n s i t i v i t y  p erform an ce .
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FIG 8. 19 M param s e n s i t i v i t y ,  20 Hz, model 130 % T_: model (TOP)
E R
5 .8 6  Nm/V, vector product strategy (BOT) 5 .2 2  Nm/V, 50 m s/D iv
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8 . 4 . 4 . 4  c o n c lu s io n s
The to rq u e  r e s p o n s e s  showed o n ly  m oderate agreem ent w ith  th e  
t h e o r e t i c a l  e ig e n -v a lu e  r e sp o n se  and ea ch  o th e r . S im ila r  to  th e  f l u x
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re sp o n se , a g a in  th e r e  i s  an ap paren t phase d i f f e r e n c e / t im e  d e la y  
betw een  th e  two o u tp u ts . The torq u e dynamic re sp o n se  was d is a p p o in t in g  
e s p e c ia l l y  when th e  dynam ic f lu x  m agnitude re sp o n se  was com parable  
w ith  th e  th eo ry . F u rth er i n v e s t ig a t io n  in t o  th e  ap paren t p hase  
s h i f t / t i m e  d e la y  i s  n e c e s s a r y . The poor p r a c t ic a l  to rq u e  perform ance  
compared to  th e  t h e o r e t i c a l  s t e p  re sp o n se  may be due to  in v e r te r  
l im i t a t io n s .  For exam ple th e  th r e e  p hase v o lta g e  com ponents may n ot  
rem ain b a la n ced  d u r in g  a t r a n s ie n t ,  and th e  s t a t o r  v o l ta g e  space 
vector may change i t s  m agnitude and phase random ly. In v e r te r  cu rr en t  
l im i t in g  may a l s o  be ta k in g  p la c e  t r a n s ie n t ly .  Thus th e  in v e r te r  
re sp o n se  may n o t r e p r e s e n t  th e  id e a l  s t e p  demand, b ut one would s t i l l  
e x p e c t  th e  model and vector product strategy to r q u es  to  a g ree  (ev en  i f  
n o t w ith  th e  th e o r y ) .
T h e o r e t ic a l ly ,  s in c e  th e  model and v e c to r  product strategy sh ared  th e  
common s t a t o r  cu rr en t space vector in fo rm a tio n , and th e  dynam ic f lu x  
space vector m agnitude r e sp o n se s  were a g r e e a b le , th e  d i f f e r e n c e  must 
l i e  in  th e  p hase a n g le  (to rq u e  a n g le )  t r a n s ie n t  r e sp o n se . In th e  model 
t h i s  i s  computed in t e r n a l ly  u s in g  th e  dynamic e q u a t io n s , however in  
th e  vector product strategy th e  a n g le  was i n i t i a l l y  s e t  up m an u ally  in  
th e  s te a d y  s t a t e  by a l ig n in g  th e  r e fe r e n c e  fram es. As d e s c r ib e d  in  
s e c t io n  8 . 2 .1 . 2 ,  t h i s  has been  s e t  in c o r r e c t ly ,  s in c e  no a cco u n t was 
ta k en  o f  th e  m achine ir o n  and no lo a d  l o s s .  T h is e f f e c t  would lea d  to  
a f ix e d  phase a n g le  (to rq u e  a n g le )  e r r o r , but a much la r g e r  e r r o r  
would o n ly  a cco u n t f o r  th e  d e s c r ib e d  e f f e c t s .  F u rth er in v e s t i g a t i o n  i s  
n e c e s s a r y  to  d eterm in e th e  so u rce  o f  t h i s  e r r o r .
Changing th e  model r o to r  tim e c o n s ta n t  had a d ra m a tic  e f f e c t  on th e  
t r a n s ie n t  p erform an ce, w hich  a g reed  w ith  th e  p r e d ic te d  s te a d y  s t a t e  
r e sp o n se . The tim e c o n s ta n t  was changed to  v a lu e s  in  b etw een  th e  two 
ex trem es to  s e e  i f  t h i s  would im prove th e  m odel’ s  r e sp o n se , however 
th e  v a lu e  n ear th e  p r e d ic te d  v a lu e  o f  C hapter 6, s e c t io n  6 .3  gave th e  
b e s t  r e s u l t s  a s  d e s c r ib e d .
To sum up th e  model and vector product strategy dynam ic to rq u e and 
f lu x  perform ance a g reed  w e l l  w ith  th e  th eo r y  fo r  s h o r t  tim e in t e r v a l s  
(<10 m s), however th e  torq u e p erform ance d i f f e r e d  f o r  lo n g e r  term  
t r a n s ie n t s .
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8 . 4 . 5  g e n e r a l  dynam ic p e r fo rm a n c e
W ith th e  a d d it io n a l  i n e r t i a  a tta c h e d  to  th e m achine s h a f t ,  th e  f a s t e s t  
a c c e le r a t io n  from s t a n d s t i l l  to  1500 rpm (w ith o u t th e  in v e r te r  
tr ip p in g  ou t on o v e r -c u r r e n t , or th e  m achine sou nd ing  to o  s t r a in e d )  
was m easured. At r a ted  f lu x ,  th e  s h a f t  speed  (to p ) and to rq u e (bottom ) 
a re  shown in  F ig u re  8 .2 1 .
S im ila r  r e s u l t s  fo r  n o m in a lly  3 7 .5  % ra ted  f lu x  a re  shown in  F ig u re  
8 .2 2 .  The measured peak torq u e a t  3 7 .5  V, ra ted  f lu x  i s  a p p ro x im a te ly  
one th ir d  o f  th a t  a t  r a ted  f lu x ,  and i t  ta k e s  o n ly  a p p ro x im a te ly  th r e e  
t im e s  a s  long  to  reach  1500 rpm. These r e s u l t s  are  n o t in  agreem ent 
w ith  th e  t h e o r e t i c a l  a n a ly s i s  th a t  th e  torqu e i s  p r o p o r t io n a l to  th e  
sq uare o f  th e  f lu x  m agnitude fo r  a v o l ta g e  fed  m achine. T h is  i s  s im p ly  
b eca u se  d u r in g  th e  3 7 .5  */ r a ted  f lu x  t e s t ,  th e  m achine sounded
s i g n i f i c a n t l y  more strained than d u r in g  th e  r a ted  f lu x  t e s t ,  
presum ably t h i s  would eq u a te  to  how c lo s e  to  th e  a b s o lu te  maximum 
perform ance we can a c h ie v e  from th e  m a c h in e /in v e r te r . The la r g e r  
torq u e presum ably r e p r e s e n ts  a la r g e r  s t a t o r  cu rr en t s u p p lie d  by th e  
in v e r te r .
FIG 8 .2 1  M£, model (TOP) 5 .8 6  Nm/V, speed  300 rpm/V, 0 .5  s /D iv
FIG 8 .2 2  M , 0 .3 7 5 0  : model (TOP) 5.86Nm/V, sp eed  300rpm/V, l .O s /D iv  -------  E RAT
To t e s t  th e  stan d ard  in v e r te r /m a c h in e  torqu e re sp o n se  bandw idth, th e  
in v e r te r  speed  demand was d r iv e n  from a s ig n a l  g e n e r a to r , w ith  th e  
a d d it io n a l  i n e r t i a  added to  th e  m achine s h a f t  and th e  m achine a t  3 7 .5  
V, o f  r a ted  f lu x .
For a s in u s o id a l  sm a ll s ig n a l  sp eed  o s c i l l a t i o n  o f  peak ±15 rpm 
c e n tr e d  on a s h a f t  sp eed  o f  1200 rpm, th e  demand (b ottom ) and model 
to rq u e (to p )  a re shown in  F ig u re  8 .2 3  fo r  a 5 Hz p e r tu r b a t io n . The 
la r g e  DC o f f s e t  on th e  demand ch an n el r e p r e s e n ts  th e  1200 rpm o f f s e t .  
20 Hz was about th e  maximum a c h ie v a b le  bandw idth. Large s ig n a l  
p e r tu r b a t io n s  cannot be a ch iev ed  b eca u se  o f  th e  l im it e d  r a te  a t  w hich  
th e  in v e r te r  DC l in k  can d i s s i p a t e  en erg y , when th e  in d u c t io n  m achine 
a c t s  a s  a g e n e r a to r , when th e  sp eed  demand f a l l s  below  th e  s h a f t  
sp eed . W ith a s in u s o id a l  sp eed  p e r tu r b a t io n  o f  peak ±75 rpm c e n tr e d  on 
a s h a f t  sp eed  o f  750 rpm th e  r e sp o n se  a t  5 Hz i s  shown in  F ig u re  8 .2 4 .  
Above 15 Hz we a re  l im it e d  by th e  in v e r te r  r e g e n e r a t iv e  power 
d is s i p a t i o n .  However 15 Hz r e p r e s e n ts  th e  maximum p r a c t ic a l  bandw idth  
p o s s ib l e  w ith  th e  in v e r te r  i n - b u i l t  c o n tr o l  s t r a t e g y ,  where th e  
m agnitude o f  th e  torq u e r e sp o n se  f a l l s  o f f  r a p id ly ,  a s  m on itored  by 
th e  model and vector product strategy.
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FIGURE 8 .2 3  M , 5 Hz sm a ll s i g n a l ,  s in e  wave: model (TOP) 5 .8 6  Nm/V, 
E
demand (BOTTOM), 100 m s/D iv
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9 FLUX VECTOR CONTROL OF INDUCTION MACHINES CONCLUSIONS
In t h i s  th e  co n c lu d in g  C hapter, a r e v ie w  o f  th e  m ost im p ortan t p o in t s  
o f  t h i s  t h e s i s  i s  g iv e n . T h is  i s  fo l lo w e d  by a summary o f  th e
im p l ic a t io n s  o f  th e  p r a c t ic a l  r e s u l t s  o b ta in e d . A fte r  t h i s ,  
recom m endations f o r  fu tu r e  p r a c t ic a l  work u s in g  t h i s  t e s t  r i g  a re
drawn. F in a l ly ,  o th e r  a r e a s  o f  a c t iv e  r e se a r c h  n e c e s s a r y  to  im plem ent 
p r a c t ic a l  vector control sy s tem s a re  su g g e s te d .
9 .1  Review
At th e  s t a r t  o f  t h i s  d i s s e r t a t io n  we have rev iew ed  th e  dynam ic m achine 
e q u a t io n s , u s in g  space vector n o ta t io n  in  v a r io u s  r e fe r e n c e  fram es  
(C hapter 2 ) .  U sin g  th e s e  a s  our s t a r t in g  p o in t  we have t h e o r e t i c a l l y  
d e r iv e d  th e  form o f  th e  in d u c t io n  m achine t r a n s ie n t  re sp o n se  fo r  b oth
a g e n e r a l v o l ta g e  and ,a  cu rr en t fe d  im p lem en ta tio n  (C hapter 3 ) .  The
a n a ly s i s  has been  p r e se n te d  in  a s im p le  and c le a r  manner, and
r e p r e s e n ts  an a l t e r n a t iv e  and n on -m ath em atica l approach. The
t h e o r e t i c a l  a n a ly s i s  h as been  d em on strated  to  be c o r r e c t  u s in g  
s im u la t io n  te c h n iq u e s  (C hapter 4 ) .  T h is i s  r e a l l y  o n ly  a ch eck  on th e  
a lg e b r a , s in c e  th e  e q u a tio n s  a re  th e  same in  each  c a s e , b ut i t  a llo w s  
a more w ide ra n g in g  stu d y  to  be u nd ertak en  e a s i ly !  The fu n d am en ta ls  o f  
to rq u e c o n tr o l  have been  d em on stra ted  to  be dependent on th e  m achine 
cu rr en t and f lu x  space vectors, and th r e e  p o s s ib l e  m ethods o f  
c o n t r o l l in g  torq u e d y n a m ic a lly  d is c u s s e d . One o f  th e s e  schem es w hich  
m a in ta in s  th e  f lu x  space vector m agnitude c o n s ta n t  i s  th e  most 
s e n s ib l e  approach. In c o n ju n c t io n  w ith  a vector control schem e,
t r a n s ie n t  f r e e  torq u e r e sp o n se s  can be a ch iev ed . T h is  i s  p o s s ib le  by 
c o n t r o l l in g  th e  cu rr en t space vector (m agnitude and p h a se ) w ith  
r e s p e c t  to  th e  f lu x  space vector (whose m agnitude i s  m a in ta in ed  
c o n s ta n t ) .  T h is i s  in  d ir e c t  com parison  to  scalar control schem es,
w hich  c o n tr o l  th e  m agnitude o f  th e  cu rr en t and f lu x  space vectors 
o n ly , and have a poor t r a n s ie n t  re sp o n se  (C hapter 4 ) .
P r a c t ic a l  vector controllers work in  th e  r o t a t in g  r o to r  f lu x  space
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vector r e fe r e n c e  fram e, g e n e r a te d  from a dynam ic m achine model fe d  
from  m achine c u rr en t and s p e e d /p o s i t io n  in fo r m a tio n  (C hapter 5 ) .  The 
l i m i t a t i o n  o f  th e s e  schem es l i e s  in  th e  param eter s e n s i t i v i t y  o f  th e  
dynam ic m achine model w h ich  i s  d is c u s s e d  (C hapter 5 ) .
S e v e r a l  m ethods to  m easure th e  p r a c t ic a l  to rq u e p erform an ce are  
i n v e s t ig a t e d  (C hapter 6 ) .  A v e r s a t i l e  c o n t r o l l e r  (C hapter 7 ) and f u l l y  
in stru m en ted  t e s t  r i g  (C hapter 6 ) w ere c o n s tr u c te d  to  d eterm in e  th e  
p r a c t ic a l  vector controller l i m i t a t i o n s .  The dynam ic perform ance o f  
th e  m achine model compared to  m achine m easurem ents was f u l l y  
i n v e s t ig a t e d  (C hapter 8 ) and th e  dynam ic p erform an ce a n a ly se d  
(C h ap ters 8 and 9 ) .  The im p l ic a t io n s  o f  th e  p r a c t ic a l  r e s u l t s  a re  
d is c u s s e d  in  th e  r e s t  o f  t h i s  C hapter, to g e th e r  w ith  s u g g e s t io n s  fo r  
fu tu r e  work.
9 .2  P r a c t ic a l  Perform ance I n v e s t ig a t io n s
9 .2 .1  fu tu r e  t e s t  r ig  in v e s t ig a t io n
Of i n i t i a l  con cern  w ith  th e  p r a c t ic a l  r e s u l t s  i s  th e  o n ly  m oderate  
agreem ent betw een  th e  measured and m o d elled  torq u e dynam ic r e s u l t s  and 
th e  tim e d e la y /p h a s e  s h i f t .  T h is  i s  e s p e c ia l l y  so  when b o th  th e  f lu x  
and torq u e s te a d y  s t a t e  perform ance com parisons were so  good. However 
b e fo r e  condemning th e  dynam ic m odel, l e t  us look  a t  th e  p o s s ib le  a re a s  
o f  w eakness in  th e  p r e s e n t  t e s t  r ig  s e t  up, which must be in v e s t ig a t e d  
in  fu tu r e .  The f i r s t  i s  th e  h a rd w a re /so ftw a re  im p lem en ta tio n  and 
t e s t i n g  o f  th e  dynam ic model in  so ftw a r e , which must be checked  a g a in  
a g a in s t  s im u la t io n . Assuming th e  so ftw a r e  model to  be c o r r e c t ly  
e x e c u te d  and th e  m easured m achine cu rr en t and sp eed  to  be a c c u r a te  (a s  
m on itored ) than  a p o s s ib l e  a rea  o f  w eakness in  th e  model i s  in  th e  
m achine p aram eters. The sta n d a rd  no load  and lo ck ed  r o to r  t e s t s  do n ot  
p ro v id e  s u f f i c i e n t  a ccu ra cy , and th e  m achine p aram eters va ry  w ith  
s a tu r a t io n  and tem p eratu re (C hapter 5, s e c t io n  5 .3  and C hapter 6, 
s e c t io n  6 .3 ) .  However by o n ly  o p e r a t in g  th e  m achine when th e  s t a t o r
O
ir o n  was n ear 30 C, and by sw eep in g  th e  r o to r  tim e c o n s ta n t  betw een  
±30 % o f  th e  nom inal v a lu e  we have t r ie d  to  improve th e  dynam ic torqu e  
r e sp o n se . However none co u ld  be a ch iev ed !
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The secon d  a rea  o f  w eakness to  be in v e s t ig a t e d ,  sh o u ld  be in  th e  
se a r c h  c o i l  in fo rm a tio n . U n fo r tu n a te ly  th e s e  c o i l s  w ere in c o r r e c t ly  
p o s it io n e d  and s u b se q u e n tly  th e  ou tp u t had to  be c o r r e c te d  in
O
so ftw a r e . L a ter  c a lc u la t io n s  r e v e a le d  th e r e  to  be a 6 ,4  p hase er r o r  
betw een  th e  f lu x  and c u rr en t space vectors, s in c e  no a cco u n t o f  th e  
ir o n  l o s s  or no lo a d  to rq u e was u sed  in  th e  c a l ib r a t io n .  Assuming a 
s in u s o id a l  f lu x  d i s t r ib u t io n  in s id e  th e  m achine, t h i s  w ould n o t a f f e c t  
th e  f lu x  m agnitude r e s p o n s e s , but would change th e  to rq u e  (to rq u e  
a n g le ) .  D yn am ica lly  t h i s  w i l l  r e s u l t  in  t r a n s ie n t  m agnitude e r r o r s ,  
s in c e  th e  t r a n s ie n t  torq u e a n g le  w i l l  be o f f s e t .  We a re  a l s o  assum ing  
th e  sea r ch  c o i l s  to  l in k  a l l  th e  s t a t o r  f lu x ,  however th ey  may a ls o  
l in k  some o th e r  f lu x .  T h is  would n o t a f f e c t  th e  shape o f  th e  vector 
product torque strategy ou tp u t a s  im plem ented, but i t  may a l t e r  th e  
p hase and m agnitude r e sp o n se  o f  th e  m easured f lu x  dynam ic re sp o n se  
s l i g h t l y .  T h is i s  b eca u se  th e  s t a t o r ,  a ir  gap and r o to r  f lu x  space 
vectors have s l i g h t l y  d i f f e r e n t  m agn itu des and p h a ses .
In a d d it io n  th e  se a r c h  c o i l  and model d e r iv e d  o u tp u ts  may n ot  
im m ed ia te ly  r e p r e s e n t  th e  t h e o r e t i c a l  re sp o n se  to  a s t e p  s l i p  
fr eq u e n c y  change, s in c e  th e  in v e r te r  dynam ic perform ance may n o t be 
im p ress in g  a s t e p  but some o th e r  fu n c t io n . T h is  i s  p ro b a b le , s in c e  th e  
in v e r te r  s w itc h in g  p a t te r n  ch an ges w ith  o u tp u t s t a t o r  fr eq u e n c y  (g ea r  
ch a n g in g ) and o n ly  fu n c t io n s  w ith  around a 1 kHz s w itc h in g  freq u en cy  
(up to  1 ms ou tp u t d e la y ) .  I t  i s  unknown i f  a l l  th r e e  p h a ses  change  
in s ta n ta n e o u s ly  or a t  a g iv e n  in s t a n t  (eg  a t  th e  s t a r t / e n d  o f  a c y c le  
o f  one o f  th e  p h a s e s ) ,  however a s  h as been  d em on stra ted  a t r a n s ie n t  
d e la y  i s  som etim es e v id e n t .  A lso  some ‘poor* v o l ta g e  w aveform s were 
e v id e n t  on s t e p  s t a t o r  fr eq u e n c y  demand ch an ges. In a d d it io n  a l l  th e  
m easured, h ig h  sp eed  dynam ic r e sp o n se s  have a s im i la r  lo n g  tim e  
r e sp o n se , when th e  t r a n s ie n t  r e sp o n se  sh o u ld  have d ecayed  in  a much 
f a s t e r  tim e (assum ing a c o n s ta n t  s h a f t  s p e e d ) . T h is  may p erhaps  
in d ic a t e  th e  in v e r te r  to  be l im i t in g  th e  r e sp o n se , and must be fu r th e r  
in v e s t ig a t e d .  T h is  may be due to  in v e r te r  c u rr en t l im i t in g ,  or a 
d is c o n t in u o u s  v o l ta g e  space vector m agnitude and p h a se  a t  th e  s l i p  
fr eq u e n c y  t r a n s ie n t .  In a d d it io n , w ith  th e  f i n i t e  a d d i t io n a l  m achine 
i n e r t i a ,  th e  s h a f t  sp eed  may be ch an gin g  s lo w ly , e s p e c i a l l y  a t  h ig h e r  
sp eed s .
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F u rth er i n v e s t ig a t io n  in to  th e  m odel’ s  n e g le c t io n  o f  th e  ir o n  l o s s  
component i s  n e c e s s a r y , s in c e  th e  model w i l l  o th e r w is e  o v e r -e s t im a te  
th e  f lu x  and torq u e m agnitude a s  d is c u s s e d  in  th e  r e s u l t s .
I t  i s  a n t ic ip a te d  th e  fr eq u en cy  s p e c tr a  com ponents due to  r o to r  s h a f t  
s a l i e n c y  a re  c o r r e c t ,  s in c e  a l l  in d u c t io n  m achines have m a g n e t ic a lly  
s a l i e n t  r o to r s .  T h is  i s  s im p ly  b eca u se  th e  la m in a tio n s  have a l l  been  
r o l l e d  and stamped from th e  same p ie c e  o f  s t e e l  and assem b led  
to g e th e r .  The r o l l i n g  o f  th e  o r ig in a l  s t e e l  w i l l  produce m a g n etic  
s a l i e n c y  w hich i s  m a in ta in ed  upon r o to r  assem b ly . However th e  sm a ll  
d if f e r e n c e  betw een  th e  se a r c h  c o i l  and model o u tp u t must be fu r th e r  
in v e s t ig a t e d ,  to  s e e  i f  th e  sea r ch  c o i l s  a re  p ic k in g  up r e a l  p h y s ic a l  
m achine im p e r fe c t io n s  w hich a re  n ot m od elled , and to  s e e  what e f f e c t  
th e s e  w i l l  have in  th e  f i n a l  vector control im p lem en ta tio n .
9. 2 .2  im p l ic a t io n s
I f  upon fu r th e r  i n v e s t ig a t io n  i t  i s  s t i l l  found th a t  th e  model ou tp u t  
d o es  n o t a g ree  w ith  th e  m easurem ents, and assum ing b oth  have been  
im plem ented c o r r e c t ly ,  th en  we a re  o b se r v in g  th e  l i m i t a t i o n s  o f  th e  
dynam ic m achine m odel. The model a ssu m p tion s have b een  s e t  ou t in  
C hapter 2 , s e c t io n  2 . 2 .1 ,  and d ep en d in g  on th e  s e v e r i t y  o f  th e  dynam ic 
e r r o r , th e  model must be a d ju s te d  to  ta k e  in to  a cco u n t one or more o f  
th e  l im i t in g  a ssu m p tio n s.
In a direct vector control im p lem en ta tio n , th e  model p rod u ces th e  
r o t a t in g  r o to r  (o r  s t a t o r  or a i r  gap) f lu x  l in k a g e  space vector 
r o t a t in g  r e fe r e n c e  fram e in fo r m a tio n , in  ord er  to  d eco u p le  th e  torq u e  
and f lu x  l in k a g e  m achine demands. I t  may a ls o  be u sed  in  a feed b a ck  
c o n tr o l  scheme to  d eterm in e  th e  a c tu a l  m achine f lu x  l in k a g e  and th e  
e l e c t r i c a l  to rq u e . The o v e r a l l  m achine and c o n t r o l l e r  dynam ic 
p erform ance w i l l  be dependent on th e  dynam ic m od el’ s  t r a n s ie n t  
perform an ce. I f  th e  d e s ir e d  perform ance i s  o n ly  s l i g h t l y  g r e a te r  than  
w ith  scalar control schem es, th en  th e  d e s c r ib e d  p r a c t ic a l  model 
perform ance a t  p r e s e n t  i s  a c c e p ta b le ,  however i f  g r e a te r  perform ance  
i s  d e s ir e d  fu r th e r  in v e s t i g a t i o n  work must be u n d ertak en .
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I t  sh o u ld  be remembered th a t  th e  vector controller u s e s  an ‘in v e r s e  
dynam ic m achine model* in  o rd er  to  c a l c u la t e  th e  demands to  fe e d  to  
th e  m achine to  d eco u p le  th e  f lu x  and to rq u e in s id e  th e  a c tu a l  m achine. 
I f  th e  dynam ic model d o es  n o t a c c u r a te ly  r e p r e s e n t  th e  r e a l  m achine, 
th en  th e  to rq u e and f l u x  in  th e  r e a l  m achine and th e  model w i l l  
d i f f e r .  Even i f  th e  c o n t r o l l e r  to rq u e and f lu x  p erform an ce ap pears  
e x c e l l e n t  (from  th e  m achine m odel) we must s t i l l  compare i t  w ith  th e  
r e a l  m achine’ s  p h y s ic a l  o u tp u ts  ( s in c e  we may be c o r r e c t ly  c o n t r o l l in g  
th e  model b ut n o t th e  r e a l  m ach in e).
9. 2 . 3 p r a c t ic a l  v e c to r  c o n tr o l
Once th e  dynam ic model a c c u r a te ly  r e p r e s e n ts  th e  r e a l  m achine, th en  
th e  t e s t  r ig  s e t  up co u ld  be expanded to  produce an open lo o p  vector 
controller. The in v e r te r  co u ld  be c o n tr o l le d  and to rq u e  and f lu x  
demands commanded, and assumed to  appear c o r r e c t ly  in  th e  m achine. The 
open lo o p  scheme sh o u ld  be in v e s t ig a t e d  th o ro u g h ly  b e fo r e  c lo s in g  th e
f lu x  and t o r q u e /s p e e d /p o s i t io n  lo o p s . Once t h i s  h as been  r e l i a b l y
a c h ie v e d , th e  fu tu r e  work d is c u s s e d  in  th e  n ex t s e c t io n  can be under
tak en .
9 .3  F u tu re Work
Assuming th e  m athem atica l dynam ic model to  r e p r e s e n t  a c c u r a te ly  th e  
r e a l  m achine, th en  we have o n ly  j u s t  s ta r t e d  to  p ursue th e  r e se a r c h  
work to  be u ndertaken  on vector control. The fo l lo w in g  r e p r e s e n ts  th e  
main a r e a s  o f  prop osed  a c t iv e  r e se a r c h , which a re  l im i t in g  th e  
a c h ie v a b le  perform ance and a p p l ic a t io n s  today.
9 .3 .1  r e fe r e n c e  fram e g e n e r a t io n
The common direct vector control im p lem en ta tio n s u se  th e  m achine model 
t o  c a l c u la t e  th e  f lu x  l in k a g e  r e fe r e n c e  fram e in fo rm a tio n  a s  a lr e a d y  
d is c u s s e d  ( in  d e t a i l  in  C hapter 5 ) .  T h is has th e  ad van tage th a t  a 
standard unmodified induction machine can be used. However the
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p r a c t ic a l  work o f  t h i s  t h e s i s  h ig h l ig h t s  two im p ortan t p o in t s ,  v i z
a) th e  model may n o t a c c u r a te ly  r e p r e s e n t  th e  r e a l  m achine
d y n a m ic a lly , and
b) th e  model i s  v e r y  s e n s i t i v e  to  th e  r o to r  tim e c o n s ta n t
m achine param eter.
S in c e  th e  r o to r  tim e c o n s ta n t (T ) w i l l  change w ith  m agn etic  
s a tu r a t io n  and tem p eratu re , param eter a d a p ta tio n  te c h n iq u e s  must be 
e v o lv e d . New te c h n iq u e s  o f  m easuring  th e  m achine p aram eters to  
im proved a ccu ra cy  a re  a l s o  n e c e s s a r y . A l t e r n a t iv e ly  dynam ic m odels  
in c o r p o r a t in g  s a tu r a t io n  and tem p eratu re changes must be d ev e lo p ed . As 
d is c u s s e d  in  Chapter 5 , many schem es have been  p rop osed  a lr e a d y  fo r
param eter a d a p tio n , and a com parison  betw een  them i s  e s s e n t i a l .  To
d a te  no one s o lu t io n  i s  p e r f e c t  a c r o s s  th e  co m p lete  o p e r a t in g  range. 
U n t i l  t h i s  problem  i s  s o lv e d , th e  optimum vector control perform ance  
can n ot be a ch iev ed  th rou gh out th e  v a r ie d  o p e r a t in g  c o n d it io n s .  One 
s o lu t io n  may be to  u se  one method to  g e n e r a te  th e  r e fe r e n c e  fram e a t  a 
h ig h  sp eed  and an a l t e r n a t iv e  a t  a low er sp eed . As an exam ple th e  
model may be u sed  a t  z e r o /lo w  sp eed  o p e r a t io n , and se a r c h  c o i l s  a t  
h ig h e r  sp eed s . By com paring b o th  o u tp u ts  th e  model p aram eters can be 
ad apted .
9 . 3 .2 in d u c t io n  m achine d e s ig n  f o r  v e c to r  c o n tr o l
The ad van tage o f  vector control i s  th e  improved dynam ic perform ance  
a c h ie v a b le . Even w ith  sta n d a rd  m achines i t  i s  hoped to  im prove on th e  
b e s t  p erform ance a c h ie v a b le  w ith  scalar control schem es, and to  
a c h ie v e  in  e x c e s s  o f  th a t  o f  p r e s e n t  day DC d r iv e s .  However even  
sta n d a rd  m achines must have an a d d it io n a l  en cod er added to  m easure  
s p e e d /p o s i t io n  to  a g iv e n  r e s o lu t io n  a s  d is c u s s e d  in  C h ap ters 1 and 5. 
In a d d it io n  i f  th e  m achine i s  to  be o p era ted  a t  low sp e e d s  under lo a d , 
fo r c e d  v e n t i l a t i o n  becom es n e c e s s a r y . There i s  h en ce  a m arket f o r  
sta n d a rd  in d u c t io n  m achines w ith  th e s e  item s a lr e a d y  f i t t e d / e n c l o s e d .  
I f  no s u i t a b le  param eter a d a p ta t io n  schem es a re  fou n d , th en  th e  
p r o s p e c t  o f  m an u factu rers in s e r t in g  se a r c h  c o i l s / H a l l  p ro b es or
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th erm ocou p les a s  sta n d a rd  becom es n e c e s s a r y  fo r  th e  b e s t  dynam ic 
p erform ance. M an u facturers may a l s o  d e s ig n  m achines to  have l e s s  r o to r  
tim e c o n s ta n t  param eter v a r ia t io n  w ith  tem p eratu re and f l u x  s a tu r a t io n  
a s  d is c u s s e d  in  C hapter 5. In a d d it io n , low i n e r t i a  r o to r s  w i l l  be 
n e c e s s a r y  fo r  th e  h ig h e s t  dynam ic perform ance. M achine m an u factu rers  
are now s t a r t in g  to  d e s ig n  s p e c ia l  m achines fo r  vector control. At 
p r e s e n t  th ey  w i l l  be e x p e n s iv e , compared to  th e  s ta n d a rd  m achine, but 
w ith  in c r e a s e d  p r o d u c tio n  th e  p r ic e s  w i l l  drop. P r ic in g  o f  com p lete  DC 
and AC d r iv e s  has been  d is c u s s e d  in  C hapter 1.
9. 3. 3 in v e r te r  d e s ig n
The c o n v e r te r  s w itc h in g  s t r a t e g y  fo r  cu rren t c o n tr o l  s t i l l  has to  be 
r e f in e d ,  e s p e c ia l l y  w ith  th e  f a s t e r  sw itc h in g  fr e q u e n c ie s  new power 
sem icon d u ctor  s w itc h e s  can a c h ie v e  (FREUNDEL 1982, HEFNER 1987, 1990,
IKEDA 1 9 8 7 ). In v e r te r  s w itc h in g  fr e q u e n c ie s  above th e  a u d ib le  range  
(20 kHz) w i l l  become common fo r  d r iv e s  up to  s e v e r a l  te n s  o f  
k i lo w a t t s .  T h is  w i l l  im prove th e  in v e r te r  dynam ic p erform an ce, and 
s u b s t a n t i a l l y  red u ce th e  s w itc h in g  harm onic e f f e c t s .  However f a s t  
s w itc h in g  o f  la r g e  c u r r e n ts  c r e a t e s  e le c tr o m a g n e t ic  c o m p a t ib i l i t y  
(EMC) p rob lem s. In cre a sed  s w itc h in g  fr e q u e n c ie s  im prove th e  cu rr en t  
harm onics (GRANT 1983) and a c o u s t ic  n o is e /v ib r a t io n  o f  th e  m achine 
(AKAMATSU 1983, DENNO 1988, HOLTZ 1986, JARDAN 1983, NISHIMURA 1989, 
T0R0K 1983, VAN DER BROECK 1988, VERMA 1988, WALLACE 1 9 9 0 ).
A te c h n iq u e  fo r  im proving th e  s w itc h in g  freq u en cy  a lr e a d y  a v a i la b le ,  
u s in g  re so n a n t DC l in k  te c h n iq u e s  has s t i l l  to  be in v e s t ig a t e d  in  f u l l  
(DIVAN 1986, LORENZ 1990, SUL 1 9 9 0 ).
However f a s t  s w itc h in g  o f  la r g e  c u r r e n ts  c r e a t e s  EMC problem s w hich  
must be c o n t r o l le d ,  e s p e c i a l l y  w ith  th e  l a t e s t  EC (European Community) 
d i r e c t i v e s  to  be brou ght in t o  fo r c e  in  January 1992. In cre a sed  
s w itc h in g  f r e q u e n c ie s  w i l l  red u ce  th e  p h y s ic a l  s i z e  o f  th e  f i l t e r s  
n e c e s s a r y  on th e  o u tp u t o f  th e  c o n v e r te r , to  p rev e n t th e  s w itc h in g  
fr eq u e n c y  b e in g  r a d ia te d  by th e  c a b le s  le a d in g  to  th e  m achine. T hese  
f i l t e r s  w i l l  in tr o d u c e  a tim e d e la y /p h a s e  s h i f t  in  th e  c o n tr o l  lo o p , 
w hich vector controllers must com pensate fo r .
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Four quadrant in v e r te r  d r iv e s  must a l s o  be a b le  to  r e g e n e r a te  back  
in t o  th e  m ains su p p ly . As th e  su p p ly  com panies demand a t i g h t e r  
s p e c i f i c a t i o n  on th e  power f a c t o r  and harm onics drawn from and 
s u p p lie d  by equipm ent co n n ected  to  th e  m ains su p p ly , so  fu r th e r  
d evelopm ent w i l l  be needed  (SUL 1 9 9 0 ). Indeed, t h i s  i s  a lr e a d y  an 
a c t iv e  a rea  o f  r e se a r c h  a t  S u rrey  U n iv e r s ity .
9. 3. 4 dynam ic torq u e measurement
In ord er to  p h y s ic a l ly  compare th e  a c h ie v a b le  to rq u e perform ance w ith  
th eo r y , th e  dynamic m achine torq u e must be m easured. The m ethods 
a v a i la b le  have been  d is c u s s e d  in  g r e a t  d e t a i l  in  C hapter 6, w hich  show
no scheme to  be e n t i r e l y  s a t i s f a c t o r y .  F u rth er r e s e a r c h  i s  n e c e s s a r y
to  in v e s t ig a t e  th e  a n g u la r  a c c e le r a t io n  o b se r v e r  te ch n iq u e . In  
a d d it io n  th e  a d v a n ta g es o f  u s in g  an o p t ic a l  f i b r e  en cod er mounted  
in s id e  th e  s t a t o r  u s in g  marks on th e  r o to r  p e r ip h e r y  in s t e a d  o f  a 
sta n d a rd  en cod er must be a n a ly se d .
9. 3. 5 t o t a l  sy stem  d e s ig n
As we have o b serv ed  in  C hapter 6, to  be a b le  to  u se  su ch  h ig h  torqu e  
p erform ance in  a p r a c t ic a l  sy stem  r e q u ir e s  c a r e fu l  m ech an ica l d e s ig n .  
T h is  i s  b eca u se  m ech an ica l re so n a n t fr e q u e n c ie s  o f  o n ly  one or two 
hundred Hz p red om in ate. In sy stem s which a re  to  u t i l i s e  th e  h ig h  
to rq u e perform ance such  a s  m achine t o o l s ,  m ech an ica l c o u p lin g s  a re  
a v o id ed  a s  f a r  a s  p o s s ib le .  T y p ic a lly  th e  t o o l  i s  f i t t e d  d i r e c t l y  on 
th e  end o f  th e  m achine o u tp u t s h a f t .
In a d d it io n  fo r  a l l  m achine d r iv e s ,  i t  i s  becom ing e s s e n t i a l  to  know 
th e  su p p ly  p aram eters a s  w e l l  a s  th e  in v e r te r  and m ech a n ica l lo a d  
p a ra m eters. Each component h as th e  a b i l i t y  to  s t o r e  en erg y  and i t  i s  
p o s s ib l e  f o r  th e  w hole sy stem  to  be g lo b a l ly  u n s ta b le .  T h is  i s  p erh ap s  
more r e le v a n t  i f  one buys a motor from one m an u factu rer , and an 
in v e r te r  from a n o th er . The p o in t  i s  th a t  t o t a l  sy stem  d e s ig n  becom es 
e s s e n t i a l  to  p rev e n t su ch  im p lem en ta tio n  problem s.
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Due to  th e  number and a ccu ra cy  o f  m achine and lo a d  p a ra m eters w hich  
must be m easured and fe d  In to  th e  vector controller, some form o f  s e l f  
com m ission in g  would a l s o  be d e s ir a b le  (IRISA 1983, 1 9 8 5 ). For a
custom er to  m easure and im plem ent th e s e  to  th e  d e s ir e d  a ccu ra cy  would  
be to o  com plex. Some form o f  system  i d e n t i f i c a t i o n  must be 
in v e s t ig a t e d ,  to  a llo w  th e  vector controller to  i d e n t i f y  th e  m achine  
and m ech an ica l lo a d . T h is  would e x t r a c t  th e  optimum p erform ance from  
th e  system . P o s s ib le  m ethods have been  m entioned  in  C hapter 6 . A 
p r e s e n t  day s o lu t io n  i s  to  p ro v id e  vector controller d r iv e s  a s  
co m p lete  s e t s  ( c o n t r o l le r  and m ach in e).
9 .3 .6  a l t e r n a t iv e  c o n tr o l  s t r a t e g i e s
S in c e  in  th e  s te a d y  s t a t e  scalar and vector controllers have i d e n t i c a l  
perform ance, i f  we d e s ir e  s l i g h t l y  improved dynam ic perform ance to  
scalar control, th en  th e  added c o m p le x ity  (and ex p en se ) n e c e s s a r y  fo r  
a f u l l  vector control a lg o r ith m  may be in a p p r o p r ia te . A l te r n a t iv e  
m ethods such  a s  th e  F ie ld  A c c e le r a t io n  Method (ALASHAB 1985, HIROSE 
1984, KAWAMURA 1983) or a n g le  c o n tr o l  (KAWAMURA 1983, KRISHNAN 1 9 8 0 ),  
or even  vector controllers w hich  do n o t need e x p e n s iv e  s h a f t  en co d ers  
or c u rr en t s e n s o r s  must be in v e s t ig a t e d  ( indirect sch em es).
A l t e r n a t iv e ly  new im p lem en ta tio n s u s in g  th e  s t a t o r  or a i r  gap  
f l u x / f l u x  l in k a g e  space vector r e fe r e n c e  frame may be in tro d u c ed , or 
c o n tr o l  in  th e  s t a t io n a r y  r e fe r e n c e  fram e may o f f e r  reduced  
co m p le x ity . In p a r t ic u la r  th e  s t a t o r  f lu x  space vector r e fe r e n c e  fram e 
may e a s i l y  be o b ta in e d  above low sp eed s  from th e  I n te g r a l  o f  th e  
s t a t o r  v o l t - s e c o n d s  a p p lie d  to  th e  m achine ( s t a t o r  f l u x  l in k a g e  space 
vector) (ANGUIST 1986, LORENZ 1 9 9 0 ). I f  we a re  c o n t r o l l in g  th e  
in v e r te r  s w itc h in g  we can e a s i l y  d e r iv e  t h i s .  A l t e r n a t iv e ly  t h i s  
method may be u sed  a t  h ig h  sp eed s  w ith  know ledge o f  th e  m achine 
p aram eters and s t a t o r  c u r r e n ts  to  d eterm in e  th e  a i r  gap and r o to r  f lu x  
space vector. At low sp eed s  i t  may th en  be a p p r o p r ia te  to  u se  th e  
param eter s e n s i t i v e  m odel.
A l t e r n a t iv e ly  a s  d is c u s s e d  in  C hapter 4, one co u ld  u se  e i t h e r  o f  th e  
two a l t e r n a t iv e  c o n tr o l  s t r a t e g i e s ,  c o n t r o l l in g  to rq u e  w ith  th e  f lu x
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space vector or th e  to rq u e a n g le . At p r e s e n t  n e i t h e r  o f  th e s e  schem es  
appear to  o f f e r  any a d v a n ta g es , b ut fu r th e r  in v e s t ig a t io n  may r e v e a l  
some a t t r a c t io n .
9 .4  C oncluding  Remarks
T h e o r e t ic a l ly  c o n s ta n t  f lu x  m agnitude vector control o f f e r s  e x c e l l e n t  
dynam ic perform ance. However th e r e  a re  s t i l l  many a r e a s  o f  a c t iv e  
r e se a r c h  n e c e s s a r y  b e fo r e  th e  f u l l  p o t e n t ia l  perform ance can be u sed  
in  in d u s tr y  w ith o u t u s in g  s p e c ia l  m achines. The p r e s e n t  p r a c t ic a l  work 
h as shown th e  h a rd w a re /so ftw a re  c o m p le x ity  re q u ir e d  fo r  a vector 
controller. The work has a l s o  shown th a t  th e  dynam ic m achine model may 
n o t a c c u r a te ly  r e p r e s e n t  th e  r e a l  m achine, w hich  must be fu r th e r  
in v e s t ig a t e d .
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APPENDIX A
U s i n g  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e  d e f i n e d  b y  t h e  v e c t o r  
o f  s t a t o r  v o l t a g e s  g i v e n  b y  e q u a t i o n  A. 1 : -
21T 4TT
V ( t )  =  V ( t )  + V ( t ) e  3 + V ( t ) e  3 =  V ( t ) e j A ( t )  (A . 1 )
S S a  S b  S c  S
W i t h  i t s  i n s t a n t a n e o u s  a n g u l a r  v e l o c i t y  o f : -
(A- 2)
We c a n  c o n v e r t  L e o n h a r d ’ s  d y n a m i c  m a c h i n e  e q u a t i o n s  i n t o  t h i s  n ew  
r e f e r e n c e  f r a m e .  F i r s t  d e f i n e  a l l  s p a c e  v e c t o r s  i n  t h e  n e w  r e f e r e n c e  
f r a m e  (x^ f r ­
i g  ( t ) e ~ jA =  ± g ( t )  (A. 3 )
i  ( t ) e J e e  jA = i " ( t )  ( A . 4 )—R —R
C o n v e r t i n g  t h e  s t a t o r  d i f f e r e n t i a l  e q u a t i o n  ( e q u a t i o n  2 . 3 ,  C h a p t e r  2 )  
i n t o  t h i s  r e f e r e n c e  f r a m e  g i v e s : - -
• -JA . T - j A  d  , - j A  d  , .  j c ,  , ,  - j X  , .
R l  e  + L e  -:. ( l  ) + L e  ( l  e  ) =  V e  ( A . 5 )
s - s  s  d t  - s  o d t  - r - s
A l s o  d e v e l o p i n g  t h e  e x p r e s s i o n s : -
d  d  , .  - j X ,  - jX  d  . . . - j X  , .
d t ( ± s > =  d t  i s  > =  e  d t  —s  "" J “ s i s e  (A ' 6 )
a n d :  -
d  d  , .  j e  - j X .  - j X  d  je , .  . - j X .  j e  , .
d t  -R  =  d t  e  ’ = e  d t ( V  > - J “ s e  V  (A ' 7 )
r e s u l t s  i n : -
e ‘ j X a t ( i s ) =  l t ( i s J + ( A - 8 )
STATOR VOLTAGE REFERENCE FRAME MACHINE EQUATIONS (FLUX)
and: -
- j X  d  , .  j e .  d  , .  ' .  . , . _ .
e  d t ' V  > =  d t ( iR >  + j V r ( A ’ 9 )
2 0 2
B y  i n s e r t i n g  e q u a t i o n s  A. 8 a n d  A. 9  i n t o  t h e  s t a t o r  v o l t a g e  e q u a t i o n  
( e q u a t i o n  A. 5 ) ,  i n  t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e ,  a n d  u s i n g
e q u a t i o n s  A . 3  a n d  A . 4  g i v e s : -
R i ' + L  l ( i ' ) + L  j o  i ' + L  ( i ' )+ L  j w  i ' =  V ( t ) (A . 1 0 )
s - s  s  d t  - s  s J s - s  o d t  - r  o J  s - r  - s
H i  + ^  (L  i + L i  ) + j u  (L  i  + L i  ) =  V ( t )  ( A . 1 1 )s - s  d t  s - s  o - r  J  s s - s  o - r  - s
C o n v e r t i n g  t h e  r o t o r  d i f f e r e n t i a l  e q u a t i o n  ( e q u a t i o n  2 . 4 ,  C h a p t e r  2 )  
i n t o  t h i s  r e f e r e n c e  f r a m e  g i v e s : -
D . j ( e - A )  . j ( e - A )  d  . T j ( e - A )  d  - j g .  ,*R l  e  +L e  -r. ( l  )+L  e  -r. ( l  e  ) =  0  (A. 1 2 )
r- r  r  d t  - r  o  d t  - s
D e v e l o p i n g  t h e  f o l l o w i n g  e x p r e s s i o n s  g i v e s  e q u a t i o n s  A . 15  a n d  A . 16 :  -
d  - j e  j ( c - A ) ,  j ( c - A )  d , .  - j g .  . j ( e - A ) .  - j c
d t ( ± s e  e  > = e  d t  —s e  1 + J ( V “ R) e  i s e
a n d :  -
d  , .  j ( c - A )  v j ( e - A )  d  v , . j ( c - A ) .  , .  . . .
"t. ( l  e  ) =  e J -j. ( l  ) + j (0 - 0  ) e  l  (A. 1 4 )
d t  - R  d t  —R S R —R
r e s u l t s  i n :  -
j ( e - A )  d  - j e .  d
d t + s e  1 =  d t ' i s ’ *  (A - I s )
a n d : -
j (e -A )  d  , .  . d  , .  ' . , . ,  I  • '  t k
d t  —p ~  d t  —R 9 S ~ —R ( A - 1 6 )
a n d  s i m i l a r l y  b y  i n s e r t i n g  e q u a t i o n s  A. 1 5  a n d  A. 1 6  i n t o  t h e  r o t o r
e q u a t i o n  ( e q u a t i o n  A . 1 2 ) ,  i n  t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e ,  a n d
u s i n g  e q u a t i o n s  A . 3  a n d  A. 4  g i v e s : -
j  j
R i  +L -7 ( i  )+L  j (0 - 0  ) i  +L -r. ( i " )+L  j  (0 - 0  ) i "  (A. 1 7 )
R -R  R d t  - R  R S R - R  O d t  - S  0 J  S R - S
J
R i"  + l ^ O  + ! LrX +Lo i ' )  ~  0 (A. 1 8 )R—R d t  R—R 0-5 S R R—R 0—S
T h e s e  e q u a t i o n s  m ay b e  s i m p l i f i e d  b y  s u b s t i t u t i n g  t h e  f l u x  l i n k a g e  
s p a c e  v e c t o r s  t r a n s f o r m e d  i n t o  t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e : -
xj,' =  xj) e _J*  = L i ' + L i"  (A . 1 9 )
- s  - s  s - s  o—R
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0 =  0 e F E  L i  + L i
—R - r r- r o—s
(A.20)
B y  s u b s t i t u t i n g  f o r  cr ( d e f i n e d  i n  t h e  n o m e n c l a t u r e  a t  t h e  s t a r t  o f  
t h i s  t h e s i s )  a n d  s i m p l i f y i n g ,  t h e  c u r r e n t  s p a c e  v e c t o r s  a r e : -
—s  crLs —s (1+cr )
R
( A . 2 1 )
—R (TLr
0- s
—R~ (1+CT ) S
( A . 2 2 )
I n c l u d i n g  e q u a t i o n s  A. 2 1  a n d  A. 2 2  i n  e q u a t i o n s  A. 11 a n d  A. 1 8  r e s u l t s  
i n :  -
T '  f t ( l f t ' )  + [1  + j w  T ' ] 0 '  -  T T T ^ - ,  =  T ' v  ( t )  
s  d t  - s  J s  s  r s  ( 1+cr ) s  s
( A . 2 3 )
T 34.(0 ) + [1  + J ( w  -  0 )T  10  -   ^ “  0R d t  —R S R R —R (1+CT ) ( A . 2 4 )
A l s o  c o n s i d e r i n g  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ,  C h a p t e r  2 ) ,  b y  
i n s e r t i n g  e q u a t i o n s  A. 21  a n d  A . 2 2 ,  a n d  u s i n g  e q u a t i o n  A . 3  a n d  A. 4  a n d  
r e m e m b e r i n g  t h a t  t h e  i n v e r s e  t r a n s f o r m a t i o n s  w i t h  e jA a r e  c a n c e l l i n g  
g i v e s : -
2 / / * 
M ( t )  =  ~ L I m a g i n a r y [ i  ( i  ) ] 
e  3  o —s  —R
( A . 2 5 )
2 Ln
M ( t )  =  75 —--------- I m a g i n a r yE w 2t *
<r L L
S R
0- R
(1+0- ) 
R
0' ]
- S
R (1+CT ) 
S
( A . 2 6 )
C o n s i d e r i n g  t h a t  o n l y  t h e  m i x e d  t e r m s  o f  t h i s  p r o d u c t  c o n t r i b u t e  t o  
t h e  i m a g i n a r y  p a r t  t h i s  r e d u c e s  t o : -
M ( t )  =  ±  —  
E 3  2.
I m a g i n a r y
cr L L s  R
V s
—s—r + (1+cr ) (1+cr ) ( A . 2 7 )
l ^E 3  <rL I m a g i n a r y ( 0  0  )S R ( A . 2 8 )
I n  o r d e r  t o  a r r i v e  a t  d i m e n s i o n l e s s  r e a l  e q u a t i o n s ,  t h e  t r a n s f o r m e d  
f l u x  s p a c e  v e c t o r s  a r e  n ow  n o r m a l i s e d  a n d  s p l i t  i n t o  r e a l  a n d
204
i m a g i n a r y  p a r t s ,  r e p r e s e n t i n g  t h e  c o m p o n e n t s  t h a t  a r e  d i r e c t  (D )  
( p a r a l l e l )  a n d  i n  q u a d r a t u r e  (Q) ( o r t h o g o n a l )  t o  t h e  v o l t a g e  s p a c e  
v e c t o r .
T h e  f l u x  l i n k a g e  i n  s t e a d y  s t a t e  o p e r a t i o n  w i t h  r a t e d  s i n u s o i d a l  
v o l t a g e s  (V s q ) ,  n o m i n a l  f r e q u e n c y  a n d  n e g l e c t e d  s t a t o r
r e s i s t a n c e  s e r v e  a s  f l u x  r e f e r e n c e s : -
(A' 29)SO
**(t) ■ ¥  ¥  [ y ti + j v u] (A-30)s o L J
T h e  m a g n i t u d e  o f  t h e  v o l t a g e  s p a c e  v e c t o r  i s  r e f e r r e d  t o  t h e  m a g n i t u d e  
a t  n o m i n a l  o p e r a t i n g  c o n d i t i o n s : -
3 / 2  Vs ( t )v  ( t  =  v  s  (A 3 1 )
s  2  so  Vso
W i t h  t h e s e  d e f i n i t i o n s  t h e  s t a t o r  e q u a t i o n  i n  t h e  s y n c h r o n o u s  r o t a t i n g  
r e f e r e n c e  f r a m e  a s s u m e s  t h e  f o l l o w i n g  f o r m  ( e q u a t i o n  A. 3 2 ) : -
, ( 0  + j 0  ) (V -  j V  )
±  a t ± o + J % > + [ 1 + > s Ts 1 ( ^ o + ( L .  ) RQ - “ s o k  sd V SQ
R SO
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  g i v e s  
R e a l : -
T s  a r i s e *  +  ^ s o  -  “ s t > s q  -  ( W T  ■  “ s o T s  r 2 (A-33 >
R SO
I m a g i n a r y :  -
T '  £  ( 0  ) + o> T >  + 0  -  y = w T ' ^  (A . 3 4 )
S d t  SQ S S SD SQ ( 1 +(T ) SO S V
R SO
W i t h  t h e s e  d e f i n i t i o n s  t h e  r o t o r  e q u a t i o n  i n  t h e  s y n c h r o n o u s  r o t a t i n g  
r e f e r e n c e  f r a m e  a s s u m e s  t h e  f o l l o w i n g  f o r m  ( e q u a t i o n  A. 3 5 ) : -
, (0 + J0 )
T '  ? x ( 0  + J 0  ) + [ l+ j( fc>  -  w ) T ' ] ( 0  + j 0  ) -  — 5?------- =  0
R d t  RD JV Rq '  J  S R R SD J V SQ (1+<T )
S
S p l i t t i n g  i n t o  r e a l  and  im a g in a r y  p a r t s  g i v e s
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R e a l : -
0 RDT -Ti. (0 ) + 0 - j(w -  W )T  0 --y-r—---r = 0R d t  RD SD S R R SQ (1+<T )
S
(A .36)
I m a g i n a r y : -
, 0 
T* -t. ( 0  ) + (0 -  w )T  0  + 0  -  M RQ . =  0
R d t  RQ S R R SD VSQ ( 1 +CT )
( A . 3 7 )
U s i n g  e q u a t i o n s  A. 2 9  a n d  A. 3 0  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  A. 2 8 )  
a s s u m e s  t h e  f o r m : -
V2
ME ( t )  = 2 ( 1 * 0 -  ) 3  O z £ )  ^  ( * SQ* RD- * SDV  (A . 3 8 )
w Ls s
M ( t )  = 2 ( l + i r  )M ( 0  0  -  0  0 )
E S PO SQ RD SD RQ
( A . 3 9 )
W h er e  MpQ i s  t h e  n o m i n a l  p e a k  t o r q u e ,  a s  d e f i n e d  i n  t h e  n o m e n c l a t u r e  
a t  t h e  s t a r t  o f  t h i s  t h e s i s .
E q u a t i o n s  A . 3 2 ,  A. 3 5  a n d  A. 3 9  r e p r e s e n t  t h e  d y n a m i c  i n d u c t i o n  m a c h i n e  
e q u a t i o n s  i n  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e  w i t h  t h e  
s t a t o r  v o l t a g e  s p a c e  v e c t o r .  S p l i t t i n g  t h e  s t a t o r  a n d  r o t o r  e q u a t i o n s  
i n t o  t h e i r  r e a l  a n d  i m a g i n a r y  p a r t s  a n d  s i m p l i f y i n g  u s i n g  t h e  s y m b o l s  
d e f i n e d  i n  t h e  n o m e n c l a t u r e  a t  t h e  s t a r t  o f  t h i s  t h e s i s ,  t h e y  c a n  b e  
a r r a n g e d  i n  t e r m s  o f  t h e  f l u x  l i n k a g e s  a s  t h e  s t a t e  v a r i a b l e s  a s  s h o w n  
b e l o w  ( e q u a t i o n  A . 4 0 ) : -
a t (V
a t ‘rip >
a t (r i Q>
_ 1
T'c
-  0)
S  T 0
PS S SO
T ( l+<r  )
R S
S  T 0  T (1  +<r )
PS S SO S R
- i  oS
T
s
0 -  -
T 'R
“ W
T (1+<T )S R
0
SL
SL
T (1 + i r  ) T S  0
R S R PR SO
T S  0
R PR SO
SD
SQ
RD
RQ
S  T 
p s  s
vs (t)
Vso
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APPENDIX B
U s i n g  a s  a  s t a r t i n g  p o i n t  t h e  s y n c h r o n o u s  m a c h i n e  e q u a t i o n s  d e f i n e d  i n  
t e r m s  o f  f l u x  l i n k a g e s  ( a s  d e r i v e d  i n  A p p e n d i x  A ) ,  a n  a l t e r n a t i v e  s e t  
o f  s y n c h r o n o u s  e q u a t i o n s  c a n  b e  o b t a i n e d  i n  t e r m s  o f  t h e  m a c h i n e  
c u r r e n t s .  T h e s e  s e t s  o f  e q u a t i o n s  a r e  c o m m o n ly  f o u n d  i n  t e x t  b o o k s ,  
a n d  r e p r e s e n t  t h e  m a c h i n e  c u r r e n t  s p a c e  v e c t o r s  b e i n g  s p l i t  i n t o  
d i r e c t  (D ) ( p a r a l l e l )  a n d  q u a d r a t u r e  (Q) ( o r t h o g o n a l )  c o m p o n e n t s  
r e l a t i v e  t o  t h e  s y n c h r o n o u s l y  r o t a t i n g  r e f e r e n c e  f r a m e ,  i n  t h i s  c a s e  
t h a t  o f  t h e  s t a t o r  v o l t a g e  s p a c e  v e c t o r  ( a s  d e f i n e d  b y  e q u a t i o n  A. 1 ,  
A p p e n d i x  A ) : -
STATOR VOLTAGE REFERENCE FRAME MACHINE EQUATIONS (CURRENT)
I n s e r t i n g  t h e s e  i n t o  t h e  s t a t o r  e q u a t i o n  i n  t h e  s y n c h r o n o u s  r e f e r e n c e  
f r a m e  ( e q u a t i o n  A . 1 1 )  g i v e s  e q u a t i o n  B . 3 : -
d
‘s  d t
(B . 3 )
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  g i v e s  
R e a l : -
(B .  4 )
I m a g i n a r y : -
(B . 5 )
S i m i l a r l y ,  i n s e r t i n g  e q u a t i o n s  B. 1 a n d  B . 2  i n t o  t h e  r o t o r  e q u a t i o n  i n  
t h e  s y n c h r o n o u s  r e f e r e n c e  f r a m e  ( e q u a t i o n  A . 1 8 ,  A p p e n d i x  A) g i v e s : -
+ j ( w  -  w )L  [ i  + j i  ] + j  (to -  w )L  [ i  + j i  ] =  0S R R RD RQ S R 0 SD SQ
(B. 6)
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  g i v e s  
R e a l : -
R i  +L f t i i  )+ L  ^ . ( i  ) - ( w  -  to )L  i  - ( «  -  «  )L i  = 0  ( B . 7 )R RD R d t  RD 0 d t  SD S R R RQ S R 0 SQ
I m a g i n a r y : -
R i  +L f t  ( i  )+ L  ( i  ) + (to -  «  )L i  + (w -  w )L  i  = 0
R RQ R d t  RQ 0 d t  SQ S R R RD S R 0 SD
(B .  8 )
S i m i l a r l y  i n s e r t i n g  e q u a t i o n s  B. 1 a n d  B . 2  i n t o  t h e  t o r q u e  e q u a t i o n  
( e q u a t i o n  A . 2 5 ,  A p p e n d i x  A ) ,  w h i c h  i s  v a l i d  i n  a n y  r e f e r e n c e  f r a m e : -
ME(t) “ 3  L0 ImaSlnary [ ( 1 SD+ J1SQH 1 RD+ J1RQ)*1 (B . 9 )
M ( t ) =  ~ L I m a g i n a r y [ ( i  + j i  } ( i  - j i  ) ] 
E 3  0 SD SQ RD RQ
( B . 1 0 )
M ( t ) = ~ L I m a g i n a r y [ i  i  - i  i  ] 
E 3  0  SQ RD SD RQ
( B . 1 1 )
E q u a t i o n s  B. 3 ,  B .6 a n d  B. 11 r e p r e s e n t  t h e  d y n a m i c  i n d u c t i o n  m a c h i n e  
e q u a t i o n s  i n  t h e  s y n c h r o n o u s  r o t a t i n g  r e f e r e n c e  f r a m e  w i t h  t h e  s t a t o r  
v o l t a g e  s p a c e  v e c t o r , a n d  b y  s p l i t t i n g  t h e  s t a t o r  a n d  r o t o r  e q u a t i o n s  
i n t o  t h e i r  r e a l  a n d  i m a g i n a r y  p a r t s ,  c a n  b e  a r r a n g e d  a s  s h o w n  b e l o w : -
W i t h  to =  (w -  w ) 
s l  s  R
( B . 1 2 )
» ■ “ “
V SD
R +L f t  
s  s d t
-to L 
s 0 L -  o d t -to L s 0 i SD
V
SQ
w L s  s
R +L f t  
s  s  d t
to L 
s  0 L -  o d t i SQ
0 L — 
o d t
- w  L
SL 0
R +L f t  
R R d t
- w  L
SL R
i
RD
0 to L
SL 0
L — 
o d t
to L  
SL R
R +L f t
R R d t
i
. RQ
( B . 1 3 )
w h e r e  Vs d , r e p r e s e n t  t h e  d i r e c t  a n d  q u a d r a t u r e  c o m p o n e n t s  o f  t h e
s t a t o r  v o l t a g e  s p a c e  v e c t o r , r e s o l v e d  i n t o  t h e  s y n c h r o n o u s l y  r o t a t i n g  
r e f e r e n c e  f r a m e .
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APPENDIX C
STATOR FLUX REFERENCE FRAME MACHINE EQUATIONS
L e t  t h e  m a g n e t i s i n g  c u r r e n t  s p a c e  v e c t o r  r e p r e s e n t i n g  t h e  s t a t o r  f l u x  
l i n k a g e  s p a c e  v e c t o r  i n  s t a t o r  c o o r d i n a t e s  b e  C t ):  —
j 0
i  ( t )  =  i  ( 1 +cr ) + i  e JE =  i  e  MS (C. 1 )
-MS - S  S -R  MS
s i n c e : -
0  = L i  (C . 2 )
- S  0-M5
I n  t h e  s t a t o r  c o o r d i n a t e  r e f e r e n c e  f r a m e : -
1 e Je = i  -  i  (l+<r ) (C. 3 )
-R  - ms - s  s
a n d  i n  t h e  r o t o r  c o o r d i n a t e  r e f e r e n c e  f r a m e : -
i  =  i  e _ J e -  i  e " j e ( l+ cr  ) ( C . 4 )
-R  -MS - S  S
s u b s t i t u t i n g  e q u a t i o n  C. 3  i n t o  t h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n
2 . 3 ,  C h a p t e r  2 )  g i v e s : -
R i  + L % . ( i  ) + L [ i  -  i  ( 1 +cr ) ] =  V ( t )  ( C . 5 )s - s  s  d t  - s  o d t  -m s - s  s  - s
C o n v e r t i n g  t o  t h e  s t a t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r e f e r e n c e  f r a m e  b y
-  J0HS
v e c t o r  r o t a t i o n  o f  e  a n d  s i m p l i f y i n g : -
- j 0  - j 0  , -  j 0
_  . MS . MS d  , . . , ,  M S .. .
R l  e  + L e  u  ) =  V e  ( t )  ( C . 6 )
s - s  o d t  - ms - s
Now n o t i n g  t h a t : -
- J 0  . , - J 0  -  j 0  ,
ms d ,. y d msv ms d
e  T T + U J  =  e  ) + J i  e  -z ( 0  ) (C . 7 )d t  —s  d t  —s  —s  d t  ms
a n d :  -
- J 0  ^ - J 0  - J 0  ,ms d  , .  . d  , .  ms. ms d  x - x
e  u  J =  - r . i l  e  J + j i  e  -j, (0 ) (C . 8 )d t  -m s d t  -m s '■'-ms d t  ms
I n s e r t i n g  i n t o  e q u a t i o n  C .6  g i v e s  e q u a t i o n  C .9 : -
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C o n v e r t i n g  V , i  a n d  i  i n t o  q u a d r a t u r e  (Q ) a n d  d i r e c t  (D )—S —S “MS
c o m p o n e n t s  t o  t h e  s t a t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r o t a t i n g  r e f e r e n c e  
f r a m e  g i v e s : -
-J0
i  e  MS =  i  + j i  (C . 1 0 )
~S SD ° SQ
-  J0
v e  MS = V + jV  (c. 1 1 )
- S  SD SQ
-J0
i  e  MS = i  + JO (C. 1 2 )
-MS MSD
I n s e r t i n g  i n t o  e q u a t i o n  C . 9  g i v e s : -
R ( i  + j i  ) + L l ( i  ) + JL  i  - . ( 0  ) =  V + j V  (C. 1 3 )S SD SQ O d t  MSD J  O MSD d t  MS SD SQ
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  g i v e s  
r e a l : -
R i  + L ( i  ) =  V (C. 1 4 )
S SD 0 d t  MSD SD
i m a g i n a r y : -
R i  + L i  1 ( 0  ) =  V (C. 1 5 )
S SQ 0 MSD d t  MSD SQ
E q u a t i o n s  C. 1 4  a n d  C. 1 5  a r e  t h e  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  t h e
s t a t o r  v o l t a g e  e q u a t i o n  i n  t h e  r o t a t i n g  s t a t o r  f l u x  l i n k a g e  s p a c e  
v e c t o r  r e f e r e n c e  f r a m e .
L i k e w i s e  i n s e r t i n g  e q u a t i o n  C. 4  i n t o  t h e  r o t o r  v o l t a g e  e q u a t i o n  
( e q u a t i o n  2 . 4 ,  C h a p t e r  2 ) ,  s i m p l i f y i n g  g i v e s  e q u a t i o n s  C . 1 6  a n d  C . 1 7 : -
C o n v e r t i n g  t o  t h e  s t a t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r o t a t i n g  r e f e r e n c e  
f r a m e  b y  v e c t o r  r o t a t i o n  o f : -
j ( e -0  )
e  HS (C. 1 8 )
"J 0 MS ” J 0MSr . . j ( e  0MS} d  , . -JC v
R i  e  -R  i  e  (1  +tr ) +L e  -r . ( l  e  ) -  . . .
R-MS R -S S R d t  -MS
j ( e -0 ) , - j ( e -0 ) ,
L e  HS (l+<r ) 5 ( i  e ' jE)+Le § (i e"JC)=0 (C. 19)
r  s  d t  —s  o d t  —s
Now: -
( c -0 ) . , _ - j 0 ,
ms d  , .  - j e .  d  , .  -  j 0  . . .  ms d  , .
e  -t . ( i  e  ) =  -r, ( l  e  m s) + j i  e  - 7 , ( 0  - e )  ( C . 2 0 )
d t  - ms d t  - ms - ms d t  ms
a n d :  -
e l e ’ eMS> a t ( i s e "J £ ) =  l t ( i s e ' j e "s ) + J i s e "j e "s  a t ( e HS' e )  ( c - 2 1 )
S u b s t i t u t i n g  e q u a t i o n s  C . 2 0  a n d  C . 2 1  i n t o  e q u a t i o n  C . 1 9  g i v e s : -
- J 0  -  J 0  , - j 0
r. . MS . MS, . . T d  , . MS.R i  e  - R  i  e  (1+cr )+ L  -r, ( l  e  )+  . . .R-MS R -S S R d t  -MS
- J 0  J J - J 0•I • MS d  t i d , .  m s .j L  i  e  -j, ( 0  - £ ) -  L l+ (r  t , ( l  e  ) -  . . .
J  R-MS d t  MS R S d t  - S
-  J0 -J0
JLRi s e  HS(1+<rs ) d t ( 9 M s ' c ) + L 0 d t ( i s e  M S ) + - - '
+JLoise JS,ls a t (0«s- e)=o (C' 22)
U s i n g  e q u a t i o n s  C . 1 0  a n d  C. 1 2 ,  e q u a t i o n  C. 2 2  b e c o m e s : -
R i  - R  ( i  + j i  ) ( l + t r  )+L  5 . ( 1  ) + j L  i  3 . ( 0  - e ) -  . . .
R MSD R SD SQ S R d t  MSD 0 R MSD d t  MS
L (  1 +<r ) ^  ( i  + J i „ ) - J L  _ ( l + t r ) ( i  + J i  ) ( 0  - e ) +  . . .R S d t  SD SQ R S SD SQ d t  MS
L ( i  + j i  ) + j L  ( i  + j i  ) ( 0  - e ) = 0  ( C . 2 3 )0 d t  SD SQ 0 SD SQ d t  MS
S p l i t t i n g  i n t o  r e a l  and im a g in a ry  p a r t s
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r e a l : -
R 1 - R  i  ( 1 +cr )+L  ft(i ) - L  (l+<r ) f t  ( i  )+  . . .R MSD R SD S R d t  MSD R S d t  SD
L i  (1+cr (0 - e ) + L  ( i  ) - L  i  f t  ( 0  - e ) = 0  ( C . 2 4 )R SQ S d t  MS 0 d t  SD O SQ d t  MS
i m a g i n a r y : -
- R  i  (l+<r )+L  i  :L  ( 0  - e ) - L  (1+cr ) ^  ( i  ) -  . . .R SQ S R MSD d t  MS R S d t  SQ
L (1+cr ) i  ^. ( 0  - e ) + L  ^ . ( i  )+ L  i  ^ . ( 0  - e ) = 0  ( C . 2 5 )
R S SD d t  MS 0  d t  SQ 0 SD d t  MS
E q u a t i o n s  C . 2 4  a n d  C . 2 5  a r e  t h e  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  t h e
r o t o r  v o l t a g e  e q u a t i o n  i n  t h e  r o t a t i n g  s t a t o r  f l u x  l i n k a g e  s p a c e
v e c t o r  r e f e r e n c e  f r a m e .
F o r  t h e  m o t o r  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ,  C h a p t e r  2 ) ,  c o n v e r s i o n  t o
t h e  r o t a t i n g  r e f e r e n c e  f r a m e  l e a d s  t o  t h e  sa m e  r e s u l t i n g  e q u a t i o n ,
-  j 0
HS
s i n c e  t h e  i n v e r s e  t r a n s f o r m a t i o n  w i t h  e  a r e  c a n c e l l i n g .  H e n c e
u s i n g  e q u a t i o n  C . 3 ,  t h e  t o r q u e  e q u a t i o n  b e c o m e s : -
M =  \  L I m a g i n a r y ! i  [ i  - i c (l+<r ) ]  > ( C . 2 6 )
e  3  o —s  —ms —s  s
And u s i n g  e q u a t i o n s  C. 1 0  a n d  C. 1 2  i n  t h e  s t a t o r  f l u x  l i n k a g e  s p a c e  
v e c t o r  r o t a t i n g  r e f e r e n c e  f r a m e : -
M =  |  L I m a g i n a r y !  ( i  + j i  ) [ i  -  ( i  + J i  ) (1  +<re ) ] > ( C . 2 7 )
E 3  0  SD SQ MSD SD SQ S
M*. =  \  L I m a g i n a r y !  ( i  + j i  ) [ i  - d + o *  ) i  + ( l + c r  ) j i  ] > ( C . 2 8 )E 3  0  SD SQ MSD S SD S SD
M = % L ! j ( l + < r  ) i  i  + j i  i  - j i  i  (1+cr )>  ( C . 2 9 )
E 3  0 J  S SD SQ SQ MSD SQ SD S
M =  I  L i  i  (C. 3 0 )
E 3  O SQ MSD
E q u a t i o n s  C . 1 4 ,  C . 1 5 ,  C . 2 4 ,  C . 2 5  a n d  C. 3 0  d e s c r i b e  t h e  d y n a m i c
i n d u c t i o n  m a c h i n e  e q u a t i o n s  i n  t h e  s t a t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  
r o t a t i n g  r e f e r e n c e  f r a m e .
B y  s u b s t i t u t i n g : -
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0- s
-MS
and: -
to = 54. ( 0 ) MS d t  ms
w i t h : -
w = 5 ^ ( 0  -e)SL d t  MS
(C .31)
( C . 3 2 )
( C . 3 3 )
T h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n  2 . 3 ,  C h a p t e r  2 )  i n  t h e  r o t a t i n g  
s t a t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r e f e r e n c e  f r a m e  c a n  b e  w r i t t e n  a s : -
( C . 3 4 )
a n d  t h e  r o t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n  2 . 4 ,  C h a p t e r  2 )  a s :  
"-R
0
=
-R
s
0 i SD -
‘ d  '
d t 0 + 
r SD
1 VSD
0 0 -R s i. SQ.
CO
MS
1 V
SQ_
d t  ( i sd
d  , .  .
d t  ^ s q 5
L orR
co
s l
-R
-CO
SL L o'
R
•
i
SD
i
SQ
.
1
crL
R
—  + -  
L d t
R
CO
SL
SD ( C . 3 5 )
w i t h  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ,  C h a p t e r  2 )  a s :
M = tt 0 i  E 3  SD SQ ( C . 3 6 )
APPENDIX D
AIR GAP FLUX REFERENCE FRAME MACHINE EQUATIONS
L e t  t h e  m a g n e t i s i n g  c u r r e n t  s p a c e  v e c t o r  r e p r e s e n t i n g  t h e  a i r  g a p  f l u x  
l i n k a g e  s p a c e  v e c t o r  i n  s t a t o r  c o o r d i n a t e s  b e  i MAG^ ) : “
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0  =  L i  ( D . 2 )
—AG 0—MAG
I n  t h e  s t a t o r  c o o r d i n a t e  r e f e r e n c e  f r a m e : -
1 e Je = i  -  i  (D. 3 )
-R  -MAG - S
a n d  i n  t h e  r o t o r  c o o r d i n a t e  r e f e r e n c e  f r a m e : -
i  =  i  e -JG-  i  e  j e  (D. 4 )
- r - mag —s
s u b s t i t u t i n g  e q u a t i o n  D. 3  i n t o  t h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n
2 . 3 ,  C h a p t e r  2 ) :  -
R i  + L ( i  ) + L  % . [ i  -  i  ] = V ( t )  ( D . 5 )s - s  s  d t  - s  o d t  - mag - s  - s
R i  + L ( i  ) + L £ . ( 1  ) -  L ( i  ) =  U ( t )  (D. 6 )
s - s  s  d t  - s  o d t  -MAG o d t  - s  - s
C o n v e r t i n g  t o  t h e  a i r  g a p  s p a c e  v e c t o r  r e f e r e n c e  f r a m e  b y  v e c t o r  
- J 0
HAG
r o t a t i o n  o f  e  g i v e s  e q u a t i o n  D . 7 : ~
- J 0 - J 0 _> -  j 0 , -  j 0 ,
_  .  MAG .  MAG d y.  MAG d  t  MAG d  ,  .  ,  .
R i  e  +L e  -r ( i  )+ L  e  -r, ( i  ) - L  e  ( l  )=V  ( t )
s —s  s  d t  —s  o d t  —ma o d t  —s  —s
s i n c e : -
Now: -
- J 0 i , - j 0 - j 0 ,MAG d  . d  , . MAG \ MAG d  . fT. 0 .
d t ^ s 1 = d t  i s  1 + J i s e  d t ' V o 1 (D - 8 )
a n d :  -
- j©  ,  , -  j 0 -  j 0 ,
MAG d  x d  . .  MAG v , . .  J MAG d  .
e  j .  i  ) =  - r . ( i  e  J + j i  e  0  ) ( D . 9 )d t  —MAG d t  -MAG —MAG d t  MAG
I n s e r t i n g  i n t o  e q u a t i o n  D . 7  g i v e s  e q u a t i o n  D . 1 0 : —
-  J0 , - j 0 - j 0„  . MAG T d  MAG. „  . MAG d  .
R i  e  +L -T. ( i  e  ) + j L  l  e  -r, ( 0  ) + . . .
s - s  s  d t  —s  s - s  d t  MAG
j  -J0 - j0 .
T d  , . MAG. , „  . MAG d  f n  y
L ■Ta.ti e  J + jL  l  e  -j*(0 J -  . . .
0  d t  -MAG 0 —MAG d t  MAG
-  J0 - j 0 . - J 0
T d  MAG . .. MAG d  , . . .  MAG
L ~z. ( i  e  ) - j L  l  e  (0 )=V  e
o d t  —s o—s d t  MAG - s
C o n v e r t i n g  V , i  a n d  i  i n t o  q u a d r a t u r e  (Q) a n d  d i r e c t  (D )—S —S —MAG
c o m p o n e n t s  t o  t h e  a i r  g a p  f l u x  s p a c e  v e c t o r  r o t a t i n g  r e f e r e n c e : -
- J 0
i  e  MAG = i  + j i  (D. 1 1 )
- S  SD ° SQ
-J0
V e  MAG = V + j V  (D. 1 2 )
- S  SD SQ
-J0
i  e  MAG = i  + jO (D. 1 3 )
-MAG MAGD
I n s e r t i n g  i n t o  e q u a t i o n  D . 1 0  g i v e s  e q u a t i o n  D . 1 4 : -
R ( i  + j i  )+L  ^ , ( i  + j i  ) + j L  ( i  + j i  ) ^ , ( 0  )+  . . .S SD SQ S d t  SD SQ S SD SQ d t  MAG
L0 d t   ^*MAGD ^+d^ 0 5 MAGD d t^ M A G ^  H) d t^ S D ^ ^ S Q ^
JL ( i  + J i  ) 1 ( 0 1> V  + j V n (D. 1 4 )0 SD SQ d t  MAG SD SQ
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  g i v e s  
r e a l  ( e q u a t i o n  D. 1 5 ) : -
R i  +L ^ , ( i  ) - L  i  ^, ( 0  )+ L  ^ , ( i  ) -  . . .S SD S d t  SD S SQ d t  MAG O d t  MAGD
J  J
L 5 .  ( i  )+L  i  5 , ( 0  )=V  (D . 1 5 )
0 d t  SD 0 SQ d t  MAG SD
i m a g i n a r y  ( e q u a t i o n  D . 1 6 ) : -
R i  +L ^  ( i  )+ L  i  ^  (0 )+ L  i  ^  (0 ) -  . . .
S SQ S d t  SQ S SD d t  MAG 0 MAGD d t  MAG
L 4 .  ( i  ) -  L i  (0 )=V  (D. 1 6 )0 d t  SQ 0 SD d t  MAG SQ
F rom  e q u a t i o n  D . 1 5 : -
R i  + ( L  - L  ) tL  ( i  )+ L  ^ , ( i  ) + i  ( L - L ) ^ , ( 0  )=V  (D . 1 7 )S SD S 0 d t  SD 0 d t  MAGD SQ 0 S d t  MAG SD
E q u a t i o n  D .16, g i v e s  e q u a t i o n  D .1 8 : -
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R i  + (L - L  ) 5T. ( i  ) + i  ( L - L ) ^ . ( e  )+L  i  ^ . ( 0  )=V (D.1 8 )S SQ S 0 d t  SQ SD S 0 d t  MAG 0 MAGD d t  MAG SQ
E q u a t i o n s  D. 1 7  a n d  D. 1 8  a r e  t h e  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  t h e
s t a t o r  v o l t a g e  e q u a t i o n  i n  t h e  r o t a t i n g  a i r  g a p  f l u x  l i n k a g e  space
vector  r e f e r e n c e  f r a m e .
L i k e w i s e  i n s e r t i n g  e q u a t i o n  D . 4  i n t o  t h e  r o t o r  v o l t a g e  e q u a t i o n  
( e q u a t i o n  2 . 4 ,  C h a p t e r  2 )  a f t e r  s i m p l i f i c a t i o n  g i v e s  e q u a t i o n s  D. 1 9  
a n d  D. 2 0 : -
R [ i  e ~ JG- i  e " J e ]+ L  f t [ i  e " jG- i  e “ JG]+ L  £ , ( i  e “ JG) = 0  (D. 1 9 )
R-M AG - S  R d t  -MAG - S  0 d t  - S
. - j e  . - j e . T d  , .  - j £ .  T d  , .  - jG s  lT d  , .  - j £ .  nR 1 e  -R  1 e  +L - j . (1  e  ) - L  - j , ( l  e  J +L -r. (1  e  ) = 0
R—MAG R -S R d t  -MAG R d t  - S  0 d t  —S
C o n v e r t i n g  t o  t h e  a i r  g a p  f l u x  l i n k a g e  space vector  r o t a t i n g  r e f e r e n c e
f r a m e  b y  vector  r o t a t i o n  o f : -
j  (£—0 )
e  MAG (D. 2 1 )
R . ~J 0 MAG p  . ~J 0 MAG J(G  0MAG1 d  , .  - j £ .
R i  e  - R i e  + L e  (1  e  ) -  . . .
R-MAG R -S R d t  -MAG
j ( e -0 ) , - j ( c -0 ) .
. MAG d  , . -  j £ . T MAG d  - j £ .  _ .
L e  ^ . ( i  e  )+L  e  -r, (1  e  ) = 0  ( D . 2 2 )
r d t  —s o d t  —s
Now: -
( e - 0  ) , , - J 0  ~ j0
MAG d , .  - j £ .  d  , .  MAG. . .  MAG d  fn  .
e  j ,  i  e  )=-r. ( i  e  ) + j i  e  -r. (6 - e )  (D . 2 3 )d t  -MAG d t  -MAG -MAG d t  MAG
a n d :  -
( c -0 ) , , - j 0 - j 0 ,
MAG d  ,  . — j £ . d  MAG. . .  MAG d 0 _ .
e  ) “  ) + J i  e  (D. 2 4 )d t  —s  d t  —s  —s  d t  MAG
S u b s t i t u t i n g  e q u a t i o n s  D . 2 3  a n d  D . 2 4  i n t o  e q u a t i o n  D . 2 2  g i v e s : -
-  J 0  - j 0  , - j 0J MAG _  . J MAG T d  f. MAG.
R i  e  -R  i  e  +L -r . ( l  e  ) + . . .
R-MAG R -S  R d t  -MAG
- J 0  , , - j 0„  . MAG d  f . d  MAG.
j L  l  e  rt. 0 —£ )  — L j .  ( l  e  ) -  . . .°  R—MAG d t  MAG R d t  - S
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- 1 0  , . - j 0
„  . J MAG d  . lT d  . . hag .
j L i  e  t ,  0  - e ) + L  3 , ( l  e  )+  . . .
J r- s d t  mag o d t  - s
♦ J L 0 i s e " jeMAC a t “ V e ) = 0  ( D - 2 5 )
U s i n g  e q u a t i o n s  D . 11 a n d  D . 1 3 ,  e q u a t i o n  D . 2 5  b e c o m e s : -
R i  -R  ( i  + j i  )+ L  5 ,  ( i  ) + j L  i  34.(0 - e ) -  . . .R MAGD R SD SQ R d t  MAGD R MAGD d t  MAG
L 5 .  ( i  + j i  ) - j L  ( i  + j i  ) 5 . ( 0  - e )  + . . .R d t  SD J  SQ J  R SD SQ d t  MAG
L 3 . ( i  + j i  ) + j L  ( i  + j i  ) 5 . ( 0  - e ) = 0  ( D . 2 6 )O d t  SD SQ O SD SQ d t  MAG
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  
r e a l : -
R i  -R  i  +L 5 i . ( i  ) “ L 34.(1 )+L  i  ^ 4.(0 - e )  + . . .R MAGD R SD R d t  MAGD R d t  SD R SQ d t  MAG
L 3 . ( i  ) - L  i  ( 0  - £ ) = 0  (D. 2 7 )0 d t  SD 0 SQ d t  MAG
i m a g i n a r y : -
j
- R  i  +L i  d  (0 - e ) - L  3 . ( i  ) -  . . .R SQ R MAGD 3. MAG R d t  SQ
d t
L i  5 +(0 - e ^+L t L u  ) +L 1 5 i - ( e  "e ^ = °  (D. 2 8 )R SD d t  MAG 0 d t  SQ O SD d t  MAG
E q u a t i o n s  D . 2 7  a n d  D. 2 8  a r e  t h e  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  t h e  
r o t o r  v o l t a g e  e q u a t i o n  i n  t h e  r o t a t i n g  a i r  g a p  s p a c e  v e c t o r  r e f e r e n c e  
f r a m e .
F o r  t h e  m o t o r  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ,  C h a p t e r  2 ) ,  c o n v e r s i o n  t o
t h e  r o t a t i n g  r e f e r e n c e  f r a m e  l e a d s  t o  t h e  s a m e  r e s u l t i n g  e q u a t i o n ,
-J 0 HAG
s i n c e  t h e  i n v e r s e  t r a n s f o r m a t i o n  w i t h  e  a r e  c a n c e l l i n g .  H e n c e
u s i n g  e q u a t i o n  D . 4 ,  t h e  t o r q u e  e q u a t i o n  b e c o m e s : -
M = ^  L I m a g i n a r y ! !  [ i  - i  ] } ( D . 2 9 )E 3  O —S —MAG —S
And u s i n g  e q u a t i o n  D. 11 and  D .13 i n  t h e  a i r  gap  space v e c to r  r o t a t i n g
r e f e r e n c e  f r a m e : -
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ME = I  L0 Im a g in a r y < ( iSD+J1SO) t l M*GD-(1SD+ J i SQ)1* > (D .30)
M = 7r L { i i + i i  - i i >  E 3  0 SQ SD SQ MAGD SQ SD ( D . 3 2 )
M = ±  L i  i  
E 3  0 SQ MAGD
( D . 3 3 )
E q u a t i o n s  D . 1 7 ,  D . 1 8 ,  D . 2 7 ,  D . 2 8  a n d  D. 3 3  d e s c r i b e  t h e  d y n a m i c  
i n d u c t i o n  m a c h i n e  e q u a t i o n s  i n  t h e  a i r  g a p  f l u x  l i n k a g e  s p a c e  v e c t o r  
r o t a t i n g  r e f e r e n c e  f r a m e .
B y  s u b s t i t u t i n g : -  
0.-AG
-MAG L
( D . 3 4 )
a n d :  -
0) = 5 , ( 0  )MAG d t  MAG ( D . 3 5 )
w i t h : -
0 = -T, (0 -e)SL d t  MAG ( D . 3 6 )
T h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n  2 . 3 ,  C h a p t e r  2 )  c a n  b e  w r i t t e n  
a s  ( e q u a t i o n  D . 3 7 ) : -
d  , .  .
d t  1 sd
-  ( i  )d t  K SQ*
- R
cr L s o
0
MAG
-R
-0 MAG cr L 
S 0
SD
SQ
L cr 0 s
d
d t
0
MAG
0 + t-----AGD L O'
0 S
SD
SQ
S i m i l a r l y t h e r o t o r  v o l t a g e ( e q u a t i o n  2 . 4 ,  C h a p t e r 2 ) c a n  b e  w r i t t e n
-  ( i  )d t  SD
r-R  iR
L cr Ws l  
0 R - R
"
SL L (T 
0 R
i
SD + 1 o
R + L, |
R R d t
0  ( D . 3 8 )
AGD
d  f . 
d t  1 sq
i
SQ
T “O' L 
R 0 + L 0
R SL
w i t h  t h e t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 , C h a p t e r  2 ) a s :  -
M =TT
2
0 ir  Af^n Qn ( D . 3 9 )
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APPENDIX E
ROTOR FLUX REFERENCE FRAME MACHINE EQUATIONS
L e t  t h e  m a g n e t i s i n g  c u r r e n t  s p a c e  v e c t o r  r e p r e s e n t i n g  t h e  r o t o r  f l u x  
l i n k a g e  s p a c e  v e c t o r  i n  s t a t o r  c o o r d i n a t e s  b e  i  ( t ) :  ——MR
je
i  ( t )  «  i  + i  e j e ( l+ (7  ) =  i  e  MR (E . 1 )
—MR —S —R R MR
s i n c e :  -
0  = L i  ( E . 2 )
-R  O-MR
I n  t h e  s t a t o r  c o o r d i n a t e  r e f e r e n c e  f r a m e : -
1 e j e  =  (E . 3 )
-R  (1+(T )
R
a n d  i n  t h e  r o t o r  r e f e r e n c e  f r a m e : -
i  = t t t — e  i  e  (E . 4 )-R  (1+ cr ) -MR - s
R
S u b s t i t u t i n g  e q u a t i o n  E. 3  i n t o  t h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n
2 . 3 ,  C h a p t e r  2 )  g i v e s : -
R i  + L 3 . ( i  ) + - p r A - r  % A i  - i  ) =  V ( t )  ( E . 5 )s - s  s  d t  - S  ( 1+Or ) d t  —MR - s  - s
R
, L L
R i  + L £ .  ( i  ) + T T - ^ - T  3 . ( i  ) -  M T 5 .  ( i  ) = v  ( t )  (E .  6 )s - s  s  d t  - s  ( 1 +cr ) d t  -m r ( 1 +cr J d t  - s  - s
R R
C o n v e r t i n g  t o  t h e  r o t o r  f l u x  s p a c e  v e c t o r  r e f e r e n c e  f r a m e  b y  v e c t o r
- j  0
MR
r o t a t i o n  o f  e  g i v e s : -
- J 0  -  j 0  , L - J 0  .
_  . MR . MR d  u  0 MR d  , . .R i  e  +L e  3 , ( l  ) +73-  j-e 3 . (1  J - . . . .
s - s  s  d t  - s  (l+<r ) d t  - mr
L - j 0  , ~ j00 J mr d  . . . . .  J mr
e  3. (1  ) =  V e  ( E . 7 J
( 1 +cr ) d t  - s  - s
R
Now n o t i n g  t h a t : -
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d  , d  JSHR, , ,  MR d , .
d t ( i s ) =  d t ( ± s e  > + J i s 6  d t ' V ’ CE' 8 )
- J 0  , , -jG  - j 0  ,
MR d  , . . d  ( . MR. . .  MR d  ( . f r  q )
d t  —MR =  d t  —MR ’ + J i« R e  d t  HR <E' 9 )
I n s e r t i n g  i n t o  e q u a t i o n  E . 7  g i v e s  e q u a t i o n  E. 1 0 :  -
- J 0  . - j©  - J0 ,
J MR T d  MR\ , . T MR d  , .
R l  e  +L -T, ( l  e  ) + j L  i  e  -y, ( 0  ) + . . .s - s  s  d t  - s  °  s - s  d t  MR
L0 d  f . ~ J0MRW . L0 J 0 MR d  f ^
z i A i e  ) + J 7 7 I T T  1 ne  ( 0  J -  • ■ •
and: -
(l+<r ) d t  -MR J (1+<>\J -MR d t  MR
R R
L0 d  t .  ” j 0 MR^  . L 0 . j 0 MR d  f  ^ yr j 0 MR
^ 4.(1 e  ) ~ J  7T -- - r T 1  e  -  ( 0  ) = V e(1+CT ) d t  - S  ( 1+cr ) - s  d t  MR - s
R R
C o n v e r t i n g  V , i  a n d  i  i n t o  q u a d r a t u r e  (Q ) a n d  d i r e c t  (D )
—S —S —MR
c o m p o n e n t s  o f  t h e  r o t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r o t a t i n g  r e f e r e n c e  
g i v e s : -
-  j 0
i  e  MR =  i  + j i  (E . 1 1 )
- S  SD ° SQ
-  J0
V e  MR = V + jV  (E . 1 2 )
- S  SD ° SQ
- j 0
i  e  MR =  i  + jO  (E . 1 3 )
-MR MRD
I n s e r t i n g  i n t o  e q u a t i o n  E. 10  g i v e s : -
RS ( 1 SD+ J 1 SQ,+ L S a t ( 1 SD+j W + JL S U SD+ J V  5 t ( 9MR)+ " •
L . Lo d  , .  . . o . d  , .
5T4- un r. J T7T—T 1 ^ ( 0  ) -(1+Cr ) d t  MRD J (1+<T ) MRD d t  MR 
R R
L 0 d  , . . .  .
7 4 (1  + J l ) “  . . .(1+CT ) d t  SD SQ 
R
2 2 0
L o ( i  + j i  ) d  ( 0  ) =  V + jV
J  T l T F l  SD SQ d t  MR SD 50
R
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  p a r t s  g i v e s  
r e a l  ( e q u a t i o n  E . 1 5 ) : -
d  d  L o d
R S i SD+ L S d t ( i SD} ^S^SQ  d t ^ 6MR^+ (l+O * ) d t   ^*MRD ^R
L°  d ( i  )+ . L°  T i  d (e ) =
( 1  +(T ) d t  SD (l+<r ) SQ d t  MR SD
R R
i m a g i n a r y  ( e q u a t i o n  E . 1 6 ) : -
R i  +L ( i  )+ L  i  ^ , ( 0  )+  7 °  . i  ^ , ( 6  ) -S SQ S d t  SQ S SD d t  MR (1+lT ) MRD d t  MR
R
L°  ) -  , ,  , °  i i  l ( e  ) =  V,( 1 +cr ) d t  sd ( l+ o -  ) sd d t  mr sq  
r  R
F rom  e q u a t i o n  E . 15 d i v i d i n g  b y  Rs : -
1 + T  — f i  1—T 1 — f 0 1+ —  ^  d  f i  } _
SD S d t  SD S SQ d t  MR R (1+<T ) d t^ M R 7S R
E L , V1 o d  , .  . 1 o . d f , SD
R (1+cr ) d t  1 SD R (1+cr ) XSQ d t  MR R 
S R S R S
S i m p l i f y i n g  t h i s ,  w i t h  o' a s  d e f i n e d  i n  t h e  n o m e n c l a t u r e  a t  
o f  t h i s  t h e s i s ,  g i v e s : -
V . ,
i  +<rT 5 , ( i  ) =  -®E +<rT i  5 , ( 0  ) - ( l - ( r ) T  § , ( i  )
SD S d t  SD R S SQ d t  MR S d t  MRD
S
D i v i d i n g  e q u a t i o n  E . 1 6  b y  Rg g i v e s : -
i  +T ^ , ( i  )+ T  i  ^, ( 0  )+  1 -  ^  0 i  £  ( e  ) - ____
SQ S d t  SQ S SD d t  MR R (l+<r ) MRD d t  MR
S R
L L . V
1 o d  , .  v 1 o . d  , , sq
R  ( l+ o -  ) d t  sq  R  (1 + c r  ) 1 sd  d t  MR R 
S R S R S
w h i c h  g i v e s :
( E . 14)
( E . 1 5 )
( E . 1 6 )
( E . 1 7 )  
t h e  s t a r t
( E . 1 8 )
( E . 19)
221
V H rf
i  +(rx  )= -52 - ( l - c r ) T  i  5 4 . ( 0  )-<rT i  5 4 . ( 0  ) ( E . 2 0 )SQ S d t  SQ R s  MRD d t  MR S SD d t  MR
S
E q u a t i o n s  E. 1 8  a n d  E. 2 0  a r e  t h e  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  t h e  
s t a t o r  v o l t a g e  e q u a t i o n  i n  t h e  r o t a t i n g  r o t o r  f l u x  l i n k a g e  s p a c e  
v e c t o r  r e f e r e n c e  f r a m e .
I n s e r t i n g  e q u a t i o n  E , 4  i n t o  t h e  r o t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n  2 . 4 ,  
C h a p t e r  2 )  i n  r o t o r  c o o r d i n a t e s : -
R L ,- j e  . - j e .  r  d  - j e  . - j e .
( i . . _ e  )+  —v 3 x . ( i . . _ e  ~ i _ e  ) +  . . .( 1  +(T ) -MR - s  (1+ cr ) d t  -MR - S
R R
L 34.(1 e  J e ) =  0  (E . 2 1 )
o d t  —s
R R LR . - j e  R . - j e  R d  . .  - j e .
l  e  t t - — r i  e  + -nr- r 3 . ( 1  e  )(1+ cr ) - mr (l+o* ) - s  (1+ cr ) d t  -MR
R R R
R 5 . ( 1  e " J e )+L  5a. ( i  e ' JG) = 0  ( E . 2 2 )( 1 +cr ) d t  —s  0 d t  - s
R
C o n v e r t i n g  t o  t h e  r o t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r e f e r e n c e  f r a m e  b y
j ( e - e  )
MR
v e c t o r  r o t a t i o n  o f  e
R j ( e - 0  ) R j ( e - 0  )
r  . - j e  MR R - j e  MR ,1 e  e  -  -n  r 1 e  e  + . . .( 1 +cr ) -m r (1  +cr ) - s
R R
L j ( e -0 ) ,
R mr d  . .  - j e .
e  3 . ( 1 . e  )
(1+ cr ) d t  -MR
L j ( e -0 ) 
r  mr d  , .  - j e .
e  3 . (1  e  ) +
( 1 +cr ) d t  - s
R
j ( e -0 )
L e  MR ( i  e _JG) = 0  ( E . 2 3 )"0 d t  —s
Now: -
j ( e -0 ) , , j ( e -0 )
hr d  - j e .  d  , .  - j e  mr .
: 3 . ( 1  e  ) =  3, (1  e  e  ) + .
d t  -MR d t  -MR
2 2 2
j(c-0 ) ,- j e  mr d  , .j i  e J e -j, (0 -e)
—MR d t  MR
L i k e  w i s e : -
j(e-0 ) . , j(e-0 )J mr d - je .  d - je  J mr . ,
d t  —s  d t  —s
j e -0 ) ,. .  - j e  mr d  , .
j i  e  e  —,  (0 - e )
'■’- s  d t  MR
I n s e r t i n g  e q u a t i o n s  E . 2 4  a n d  E . 2 5  i n t o  e q u a t i o n  E . 2 3  g i v e s :
R - J 0 R -  j 0 L . -  J0
R . MR R . MR R d  , . MR.1 e  -  ~n r  1 e  + -7-. r- -r ,  (1  e  ) +
( 1 +cr ) -m r ( 1 +cr ) -s (l+<r ) d t  -m r
R R R
L - j 0  L , -  j 0
R . MR d , . R d  J MR.
d (l+ cr ) —mr6 d t  mr e  ( 1 +cr ) d t  i s 6 
R R
L - j 0  . - j 0
R r -  MR, , . .  d  f .  MR.J t t t — v (1 e  ) d  (0 - e ) + L  j ,  (1  e  )+  . . .( 1+(T ) - S  -7,  MR 0 d t  - S
r  d t
- j 0  .
.T . MR d  , . -
j L  1 e  -j. ( 0  - e )  =  00 o - s  d t  MR
U s i n g  e q u a t i o n s  E . 1 1 ,  E . 1 2  a n d  E . 1 3 : -
R R L
R . R r • L •• i , R d  , . .I "  TTJZ-T U + J l ) +  -nrrZTT TT+U ) +( 1  +(T ) MRD ( 1  +(T ) SD SQ (1+CT ) d t  MRD'
. L r  . d  , _  . _  L r d
d ( l+ t r  ) 1 mrd d t  mr e  (l+<r ) d t  1 sd J 1 sq
R R
L
j , ,  R . ( i  + j i  ) d  (0 - e ) + L  - j ,  ( i  + j i  ) +a ( l+ tr  ) SD sq - t ,  mr o  d t  sd J  SQ 
r  d t
j L  ( i  + j i  ) ~  (0 - e )  =  0
^ 0 SD s q  d t  MR
S p l i t t i n g  i n t o  r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  
R e a l : -
( E .24)
( E . 2 5 )
( E . 2 6 )
( E .27)
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R Rn . _  n . R d  , . .
( 1+cr ) 1 MRD (1+ cr ) ‘‘ sD (1+CT ) d t  1 MRD 
R R R
L L
B I d  )+ E i  -r. (0 - e )  +(1+cr ) d t  sd (1+cr ) sq  d t  MR 
R R
L f t a  H i  ^. ( 0  - e ) = 0  (E . 2 8 )
O d t  SD O SQ d t  MR
I m a g i n a r y :
R L . L .
R i  + —  R i  5  ( e ) _  _ R  d  ( .
( 1 +cr ) sq ( 1 +cr ) mrd d t  mr ( 1 +cr ) d t  sq
R R R
L r i  ~ H 0  - e  )+L  f t ( i  )+ L  i  f t { Q  - e ) = 0  ( E . 2 9 )
(1+cr ) SD d t  MR 0 d t  SQ O SD d t  MR
R
M u l t i p l y i n g  t h e  r e a l  p a r t  ( e q u a t i o n  E . 2 8 )  b y  (1+cr } a n d  d i v i d i n g  b y  R
R K
a n d  s i m p l i f y i n g  g i v e s  
R e a l : -
i  - i  +T f t i i  ) = 0  (E . 3 0 )
MRD SD R d t  MRD
T f t a  ) + i  = i  (E .  3 1 )
R d t  MRD MRD SD
M u l t i p l y i n g  t h e  i m a g i n a r y  p a r t  ( e q u a t i o n  E . 2 9 )  b y  (1+ ctr ) a n d  d i v i d i n g  
b y  R a n d  s i m p l i f y i n g  g i v e sR
I m a g i n a r y : -
R i  +L i  ^ . ( e ) - L i  f t ( Q  ) = 0  ( E . 3 2 )
R SQ R MRD d t  R MRD d t  MR
i  +T i  ^ ( e ) - T i  ^ . ( 0  ) = 0  (E . 3 3 )
SQ R MRD d t  R MRD d t  MR
l ( e uJ =  Z 52-  + 1  ( e ) ( e . 3 4 )u t  MR T 1 d  tR MRD
E q u a t i o n s  E. 3 1  a n d  E. 3 4  a r e  t h e  r o t o r  v o l t a g e  e q u a t i o n s  i n  t h e
r o t a t i n g  r o t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  r e f e r e n c e  f r a m e .
F o r  t h e  m o to r  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 .5 ,  C h a p te r  2 ) ,  c o n v e r s i o n  t o
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t h e  r o t a t i n g  r e f e r e n c e  f r a m e  l e a d s  t o  t h e  s a m e  r e s u l t i n g  e q u a t i o n ,
- J 0 MR
s i n c e  t h e  i n v e r s e  t r a n s f o r m a t i o n  w i t h  e  a r e  c a n c e l l i n g .  H e n c e
u s i n g  e q u a t i o n  E . 3 ,  t h e  t o r q u e  e q u a t i o n  b e c o m e s : -
M = \  L I m a g i n a r y [ i  ( i  e J e ) ] ( E . 3 5 )
E O 0 —S R
Me =  §  T l f r r  I m a g i n a r y ( E . 3 6 )
R
And u s i n g  e q u a t i o n  E. 11 a n d  E. 1 3  i n  t h e  r o t o r  f l u x  s p a c e  v e c t o r  
r o t a t i n g  r e f e r e n c e  f r a m e : -
M = . I m a g i n a r y  [ ( i  + j i  H i  - ( i  + j i  ) )  ] ( E . 3 7 )
E 3 ( l + < r  ) & J SD SQ MRD SD J  SQ
R
T a k i n g  t h e  i m a g i n a r y  p a r t  o n l y  g i v e s : -  
2 Ln
M = % j r — r r  i cn (E . 3 8 )E 3  1 1 +<r J MRD SQ
R
E q u a t i o n s  E . 1 8 ,  E . 2 0 ,  E . 3 1 ,  E . 3 4  a n d  E. 3 8  d e s c r i b e  t h e  d y n a m i c  
i n d u c t i o n  m a c h i n e  e q u a t i o n s  i n  t h e  r o t o r  f l u x  l i n k a g e  s p a c e  v e c t o r  
r o t a t i n g  r e f e r e n c e  f r a m e .
B y  s u b s t i t u t i n g : -
i HR = r  (E- 39)o
a n d :  -
(E- 40)
w i t h : -
w =  34.(9 - c )  (E .  4 1 )SL d t  MR
T h e  s t a t o r  v o l t a g e  e q u a t i o n  ( e q u a t i o n  2 . 3 ,  C h a p t e r  2 )  c a n  b e  w r i t t e n  
a s  ( e q u a t i o n  E. 4 2 ) : -
225
d  , .  .-7, ( l  )d t  SD
d  , .  .
d t  ^ s q 5
- I
<rTc
-0
MR
- 1
MR <rT
SD
SQ
( 1+cr )crL  
r  s
d
d t
0
MR
0 1 RD + -7—
<rL
S i m i l a r l y ,  t h e  r o t o r  v o l t a g e  ( e q u a t i o n  2 . 4 ,  C h a p t e r  2 )  c a n  
a s :  -
o 
1 I
1 i
SD 1
I--
---
---
---
o
»
1 i
SQ
L0
1 + T 5 ,  
r  d t
T 0
R SL
0,RD
w i t h  t h e  t o r q u e  e q u a t i o n  ( e q u a t i o n  2 . 5 ,  C h a p t e r  2 )  a s : -
2 1
M = % 7 ^ 4 — 7 0  i
E 3  (1 + c r  ) rd sq
APPENDIX F
GEC 7 . 5  KW INDUCTION MACHINE PARAMETERS
F ram e:
P o l e s :
R a t e d  O u t p u t  P o w e r :
P h a s e  V o l t a g e :
F r e q u e n c y :
N um ber  o f  P h a s e s :
O
S t a t o r  R e s i s t a n c e  a t  2 0  C:
O
S t a t o r  R e s i s t a n c e  a t  9 5  C: 
S t a t o r  L e a k a g e  R e a c t a n c e :  
M a g n e t i s i n g  R e s i s t a n c e :  
M a g n e t i s i n g  R e a c t a n c e :
O
R o t o r  R e s i s t a n c e  a t  2 0  C: 
R o t o r  R e s i s t a n c e  a t  9 5 ° C :
D 1 3 2
4
7 . 5  kW 
4 1 5  V o l t s  
5 0  Hz
3
1 . 7 6 4  Q 
2 . 2 8 4  Q 
5 . 4 5  Q
1 0 9 8 . 5  Q 
12 1 .6  Q 
1 . 3 5 7  Q 
1 . 8 9  Q
SD
f
SQ
b e  w r i t t e n  
( E . 4 3 )
( E . 4 4 )
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R o t o r  L e a k a g e  R e a c t a n c e :  7 . 7 7  Q
R a t e d  S l i p :  0 . 0 3 6
L i n e  C u r r e n t  F u l l  L o a d :  1 4 . 6  Amps
S t a t o r  W i n d i n g :  D e l t a
S t o c k  M o t o r  D e s i g n  D a t a :  G A 3 1 0 1 2 1 - 6 2
O r d e r  N um ber: H 2 6 6 8 0 9 - 0 5
C a l c u l a t e d  M a c h i n e  E q u i v a l e n t  C i r c u i t  P a r a m e t e r s
S t a t o r  L e a k a g e  I n d u c t a n c e  
R o t o r  L e a k a g e  I n d u c t a n c e  
M a g n e t i s i n g  I n d u c t a n c e  
R o t o r  R e s i s t a n c e  
S t a t o r  R e s i s t a n c e  
M a g n e t i s i n g  R e s i s t a n c e
cr L s o
cr L 
r o
R
R
R
1 7 . 3  mH 
2 4 . 7  mH 
0 . 3 8 7 0 6 4 8  H 
1 . 8 9  Q 
2 . 2 8 4  Q 
1 0 9 8 . 5  Q
C a l c u l a t e d  M a c h i n e  C o n s t a n t s
T o t a l  L e a k a g e  F a c t o r  
S t a t o r  T im e  C o n s t a n t
O'
T
s
0 . 1 0 0 3 8 0 3  
1 7 7 . 0 6 3 3  ms
R o t o r  T im e  C o n s t a n t T
R 2 1 7 . 8 8 2 2  ms
T r a n s i e n t  S t a t o r  T im e  C o n s t a n t
✓
T
s
1 7 . 7 7  ms
T r a n s i e n t  R o t o r  T im e  C o n s t a n t t 'R
2 1 .  8 7  ms
R a t e d  M a c h i n e  P a r a m e t e r s
R a t e d  M e c h a n i c a l  T o r q u e  4 7 . 7 5  Nm
R a t e d  E l e c t r i c a l  T o r q u e  2 3 . 8 7  Nm
R a t e d  S l i p  0 . 0 3 6  ( 1 . 8  Hz o r  1 1 . 3 1  r a d s / s e c )
R a t e d  S t a t o r  C u r r e n t  S p a c e  V e c t o r  M a g n i t u d e  ( i  ) 1 7 . 8 8  Amps—s
R a t e d  S t a t o r  C u r r e n t  S p a c e  V e c t o r  A n g u l a r  F r e q u e n c y  (w )
s
5 0  Hz ( 3 1 4 . 1 6  R a d s / s e c )
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R a t e d  R o t o r  F l u x  L i n k a g e  S p a c e  V e c t o r  M a g n i t u d e  ( 0  ) 2 . 6 1 6  Wb
R
R a t e d  A i r  Gap F l u x  L i n k a g e  S p a c e  V e c t o r  M a g n i t u d e  ( 0  ) 2 . 6 4 5  Wb
—AG
R a t e d  S t a t o r  F l u x  L i n k a g e  S p a c e  V e c t o r  M a g n i t u d e  ( 0 g ) 2 . 8 1 6  Wb
R a t e d  S t a t o r  V o l t a g e  S p a c e  V e c t o r  M a g n i t u d e  (V ) 8 8 0  V o l t s
R a t e d  S t a t o r  V o l t a g e  S p a c e  V e c t o r  A n g u l a r  F r e q u e n c y  (wg )
5 0  Hz ( 3 1 4 . 1 6  R a d s / s e c )
R a t e d  M e c h a n i c a l  S h a f t  A n g u l a r  F r e q u e n c y  (0 )
R
R a t e d  E l e c t r i c a l  S h a f t  A n g u l a r  F r e q u e n c y  ( 0r )
1 4 4 6  rpm ( 2 4 . 1  H z )  ( 1 5 1 . 4 2  R a d s / s e c )  
2 8 9 2  rpm ( 4 8 . 2  H z)  ( 3 0 2 . 8 5  R a d s / s e c )
APPENDIX G
TQ R O .UE-SLIP  C H A R A C TER ISTIC S UNDER CONSTANT STATOR FLUX
U n d e r  s t e a d y  s t a t e  c o n d i t i o n s  a l l  d e r i v a t i v e s  a r e  z e r o ,  h e n c e  
e x p a n d in g  e q u a t io n  2 . 2 1  ( C h a p t e r  2 )  g i v e s : -
R 1 R
0 =  -  ——  i  + 0  i  + —L .  J  xp (G . 1 )
L  cr s d  s s l  s q  L  <r L  r so 
r s  R
R
0  =  -  0 i  -  i  + —  0 0  (G . 2 )
s s l  sd  L <r sq  L  <r s s l ^ sd  
r  s
F ro m  e q u a t io n  G. 1: -
L  <r
1 =  + 0 i  = 5 -  + i -  0 (G . 3 )
SD SSL SQ R L  SD
R S
a n d  f r o m  e q u a t io n  G, 2 : -  
R i
i  =  -  + —i -  0 (G . 4)
SD L <T0 L (T SD
R SSL S
E l i m i n a t i n g  i gD from  e q u a t i o n s  G. 3 and  G, 4 g i v e s : -
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L it ,  R i
R . 1  , R SQ 1 .+ 0) 1    + -— ll) - - Z------------ + T  0
s s l  s q  R L r SD L <rw L tr  ^ s d
R S R SSL S
(G .5)
SD
R L cro)
1 1
=  i SQ
R R SSL
L o' " L L o*w + R .....
s  s R SSL R
( G . 6 )
T h e r e f o r e :  -
SD
1 _ 1_
L tr L s  s
l  = 
SQ R L crw
R R SSL
L crw
R SSL
R
(G. 7 )
Now f r o m  e q u a t i o n  2 . 2 2  ( C h a p t e r  2 ) : -
M = 0  i
e 3  SD SQ
(G. 8 )
T h e r e f o r e : -
SD
M = T J  0  E 3  r SD
L a  L
s  s
L o'w
R SSL
L o'tt)
R SSL 
R
(G. 9 )
Q „ I L [ ( l + t r  ) (l+o* ) - l ]. .  2  ,2  L S R S
M =  T J  0  ---------------------------------------------------------------------------------------E 3  SD p _
R L crwR R SSL
L o'tt)
R SSL R
( G . 1 0 )
0 L ( l + t r  ) L ( l+o* )tr
2  ,2 L S S O  R
M = =  0
E 3  SD r
R L 0*0)
R R SSL+
L o'to 
R SSL
R
( G . 1 1 )
w 2 . 2
M = T J  0  E 3  *SD
L (l+o* ) 0 s o*L (l+o* )0 R
R L <ro)
R R SSL
L o*Ct)R SSL R
(G .12)
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E q u a t i o n  G . 1 2  r e p r e s e n t s  t h e  t o r q u e - s l i p  c h a r a c t e r i s t i c  u n d e r  c o n s t a n t  
s t a t o r  f l u x / f l u x  l i n k a g e  o p e r a t i o n .
T h i s  i s  a  m a x im u m /m in im u m  when:  
Rd_
dto
SSL
R
L  o'to
R SSL
to L  cr 
SSL R
R
( G . 1 3 )
R
L  cr to „
R SSL
L <r 
R
R
= 0 ( G . 1 4 )
R
L cr to
R SSL
L  <rR
R
( G . 1 5 )
SSL
R
R
L  cr 
R
( G . 1 6 )
R
s s l  L cr
R
( G . 1 7 )
w h i c h  i s  t h e  s t e a d y  s t a t e  s l i p  f o r  t h e  m a x im u m /m in im u m  t o r q u e .
To f i n d  i f  t h i s  r e p r e s e n t s  t h e  maximum o r  m in im um  v a l u e ,  d i f f e r e n t i a t e  
e q u a t i o n  G . 1 3  a g a i n : -
2R
= +
dto
SSL
L  cr w
R SSL
( G . 1 8 )
w h i c h  i s  p o s i t i v e ,  h e n c e  e q u a t i o n  G . 1 7  g i v e s  t h e  s l i p  f o r  t h e  maximum  
t o r q u e  ( p u l l - o u t ) ,  w h i c h  i s  h e n c e  g i v e n  b y : -
Me  =  I  < 4
L  ( l+ o *  ) o s <rL ( 1+cr ) o R
R L  <r R L  <r
R R R R+
L o' R 
«- R R
L  O' R 
R R
( G . 1 9 )
M -  1 tEMAX SD L  (1+ 0 ' )
0 S J
ob (l+o' )
0 R
(G.20)
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APPENDIX H
TORQUE-SLIP CHARACTERISTICS UNDER CONSTANT AIR GAP FLUX
U n d e r  s t e a d y  s t a t e  c o n d i t i o n s  a l l  d e r i v a t i v e s  a r e  
e x p a n d i n g  e q u a t i o n  2 . 2 4  ( C h a p t e r  2 )  g i v e s : -
0 =
R R
R R .+ to_ 1 _ _  + —r  0
L  O' SD SSL SQ .  2 
0 R L a
0 R
AGD
R L to
R . R SSL .0 = -  to 1 -  y------  1 +     0
SSL SD L O' SQ . 2  AGD
O R L O'
0 R
F rom  e q u a t i o n  H. 1 : -
L o' .
o R 1 ,l  = + to l  —=-— + -— 0 
SD SSL SQ R L AGD
R 0
a n d  f r o m  e q u a t i o n  H . 2 : -
R i  L
R SQ R .I = -  y--------------  + -------- 0
SD L O' t o  y 2 AGD
0 R SSL L O'
0 R
E l i m i n a t i n g  i  f r o m  e q u a t i o n s  H. 3  a n d  H. 4  g i v e s : -
L o' , 
o R ^  1 /+ to l  —— + y—  0
R i  L
R SQ R .= — ---------------  + -------- Ih
SSL SQ R L AGD L O' to T 2 AGD
R 0 O R  SSL L O'
0  R
AGD
---
---
1
r
50 1
=  i
SQ
R L o' to
R O R SSL
T 2L o'
L O R
L
0
L o' to R 
0 R SSL R
T h e r e f o r e : -
AGD L 2cr 
0 R
SQ R L O' to
R 0 R SSL+
L o' to R
O R SSL  R
z e r o ,  h en c e
(H. 1 )
(H. 2 )
(H. 3 )
(H. 4 )
(H. 5 )
(H. 6 )
(H. 7 )
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Now from  e q u a t i o n  2 .2 5 ,  C h a p te r  2 : -
3  ^AGD^SQ
(H. 8)
T h e r e f o r e : -
0AGD
M = ^ 0E 3  AGD
R _  1 _
T 2 L L cr o 
o R ( H . 9 )
R
L <r o)
o R SSL
L cr 0
o R SSL
R
M 2  I2M = 7 0  
E 3  AGD
<7 L 
R 0
R L cr 0
R O R  SSLT
L tr 0
0 R SSL
R
( H . 1 0 )
E q u a t i o n  H . 1 0  r e p r e s e n t s  t h e  t o r q u e - s l i p  c h a r a c t e r i s t i c  u n d e r  c o n s t a n t  
a i r  g a p  f l u x / f l u x  l i n k a g e  o p e r a t i o n .
T h i s  i s  a  m a x im u m /m in im u m  w h e n : -  
Rd _
d0SSL
L cr 0 
R . O R  SSL +
L tr 0
0 R SSL R
= 0 ( H . 1 1 )
R L tr
R + - 2 - 5  = 02 RL tr 0 r
0 R SSL
( H . 1 2 )
R
R
L cr 
o R
2 R
L cr 0 R
0 R SSL
( H . 1 3 )
0
SSL
R
L cro R
( H . 1 4 )
R
0
s s l  L cr
o R
( H . 1 5 )
w h i c h  i s  t h e  s t e a d y  s t a t e  s l i p  f o r  t h e  m a x im u m /m in im u m  t o r q u e .
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To f i n d  i f  t h i s  r e p r e s e n t s  t h e  maximum o r  m in im um  v a l u e ,  d i f f e r e n t i a t e  
e q u a t i o n  H. 11 a g a i n :  -
2R
dw SSL
L <r w
0 R SSL
( H . 1 6 )
w h i c h  i s  p o s i t i v e ,  h e n c e  e q u a t i o n  H . 1 5  g i v e s  t h e  s l i p  f o r  t h e  maximum  
t o r q u e  ( p u l l - o u t ) ,  w h i c h  i s  h e n c e  g i v e n  b y : -
_  2  .2 
e ~  3  AGD
cr L
R 0 ( H . 1 7 )
R
L cr
o R
L O' L cr O R ,  OR *r
R R
R
R
L cr 
o R
1 V 1M = TJ AGD  j—
emax 3  cr LR 0
( H . 1 8 )
APPENDIX I
TORQUE-SLIP CHARACTERISTICS UNDER CONSTANT ROTOR FLUX
U n d e r  s t e a d y  s t a t e  c o n d i t i o n s  a l l  d e r i v a t i v e s  a r e  z e r o ,  h e n c e  
e x p a n d i n g  e q u a t i o n  2 . 2 7  ( C h a p t e r  2 )  g i v e s : -
0 = -  i  ( I . l )
SD L RD 0
L
0 =  -  i  -  p— u) 0 ( 1 . 2 )
SQ R L SSL RD 
R 0
F ro m  e q u a t i o n  1 . 2 : -  
L
1 = + = - ? -  w 0  ( 1 . 3 )
SQ R L SSL RDR 0
Now from  e q u a t i o n  2 .2 8 ,  C h a p te r  2 : -
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2 1 
^E ~  3  ( 1 + ° ^ )  ^RDESQ
( 1 .4 )
T h e r e f o r e :  -
( 1 . 5 )
(1.6 )
W h ic h  i s  t h e  t o r q u e - s l i p  c h a r a c t e r i s t i c  f o r  c o n s t a n t  r o t o r  f l u x / f l u x  
l i n k a g e  o p e r a t i o n .  T h e r e  i s  n o  p e a k  p u l l - o u t  t o r q u e .
SYMBOLIC VOLTAGE FED INDUCTION MACHINE EIGEN-VALUES
F rom  C h a p t e r  2 ,  e q u a t i o n  2 . 1 6 ,  t h e  tw o  p a i r s  o f  e i g e n  v a l u e s  [E ± j F ,  
G ± jH ]  f o r  t h e  v o l t a g e  f e d  i n d u c t i o n  m a c h i n e  i n  t h e  s y n c h r o n o u s  
r e f e r e n c e  f r a m e  c a n  b e  d e r i v e d  i n  s y m b o l i c  f o r m  u s i n g  MATHEMATICA ( s e e  
C h a p t e r  2 ,  s e c t i o n  2 . 6 ) .  T h e  f o u r  s o l u t i o n s  c a n  b e  o b t a i n e d  f r o m  
e q u a t i o n  J .  1 ,  w h e r e  U, V, W a n d  X a r e  e a c h  d e f i n e d  i n  e q u a t i o n  J . 2 ,  
J .  3 ,  J .  4  a n d  J .  5: -
APPENDIX J
E ± J F ,  G ± JH =  -  I  + _ -  X + 2VW ( J .  1 )
w h e r e : -
( J . 2 )
V =
-2 2 2 2
+ +2
T T 
R S
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2to
SL
T T
R S
1 1
T T (1+cr ) (1+cr )T T
R S R S R S
-  to to 
S SL
( J . 3 )
W =
- 1
^2^2 
R S
(1+cr )2( 1+cr )2T2T2
R S R S
(1+cr ) (1+cr )T2T2 
r s  r s
2to to s  SL to
(1+cr ) (1 +cr ) T T 
R S R S
SL 2 2  -  to to +
„2 S SL
T T (1+cr ) (1+cr )T T 
R S R S R S
-  to toS SL ( J . 4 )
X =
T T (1+cr ) (1+cr )T T 
R S R S R S
-  2to to
S SL (J. 5)
APPENDIX K
MECHANICAL RESONANT FREQUENCY OF A LONGITUDINAL TEST RIG
A s s u m e  t w o  i n e r t i a s  a n d  a  d i s t a n c e  L a p a r t  m o u n t e d  r i g i d l y  o n  a  
s t e e l  s h a f t  o f  d i a m e t e r  D. L e t  t h e  a n g u l a r  d i s p l a c e m e n t  o f  b e  0^
a n d  o f  J  b e  0 i n  t h e  s a m e  d i r e c t i o n  o n  t h e  s a m e  a x i s  o f  t h e  s t e e l2 2
s h a f  t .
a )  C a l c u l a t i o n  O f  T h e  A n g u l a r  S p r i n g  R a t e  O f  T h e  S t e e l  S h a f t  
(K)
F rom  t e x t  b o o k s : -
K = ( j )  £  ( K . l )
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w h e r e  j  i s  t h e  p o l a r  m om en t o f  i n e r t i a  o f  t h e  s h a f t  c r o s s  s e c t i o n ,  
g i v e n  b y : -
(K. 2 )
a n d  G i s  t h e  s h e a r  m o d u l u s  o f  e l a s t i c i t y  o f  t h e  s h a f t .
F o r  o u r  p r o p o s e d  t e s t  r i g  s e t  u p ,  t h e  d i s t a n c e  b e t w e e n  t h e  tw o  m a c h i n e
“2
i n e r t i a s  (L )  w a s  0 . 5  m, a n d  t h e  s h a f t  d i a m e t e r  (D )  4 .  1 2 7 5 x  1 0  m,
9  2
w i t h  a  s h e a r  m o d u l u s  (G ) o f  7 9 . 3  x  1 0  N /m , g i v i n g  t h e  a n g u l a r  s p r i n g  
r a t e  (K) o f  4 5 1 8 5 . 0  N m /R a d s .
b )  E q u a t i o n s  O f M o t i o n
A s s u m i n g  a  t o r q u e  M^  t o  b e  a p p l i e d  t o  t h e n  t h e  tw o  s e p a r a t e
e q u a t i o n s  a r e :  -
j  2
j  (0 -  0 ) + K ( e  -  0  ) =  M (K. 3 )1 ,,2 1 2  1 2  1
d t
a n d :  -
,2
J  —  (0 -  0 ) + K ( 0  -  0  ) = 0  ( K . 4 )2 ,,2 1 2  1 2
d t
T h e  e q u a t i o n s  f o r  t h e  n a t u r a l  r e s p o n s e  ( u n f o r c e d )  i s  o b t a i n e d  b y  
o m i t t i n g  t h e  e x c i t a t i o n  t o r q u e  a n d  e l i m i n a t i n g  Q^, g i v i n g : -
p2 0 = 0  (K. 5 )l
w h e r e  P =  ( K . 6 )
d t
T h e  g e n e r a l  s o l u t i o n  o f  t h i s  e q u a t i o n  i s : -
0 =  A + B t  + C c o s  (0 t  + $ )  ( K . 7 )2
w h e r e : -
w = /  7 + 7  (K.8)2 /  J  JV 1 2
a n d  i s  t h e  n o n  z e r o  n a t u r a l  ( r e s o n a n t )  f r e q u e n c y  o f  t h e  s y s t e m .
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F o r  t h i s  t e s t  r i g  s e t  u p  a s s u m i n g  J  a n d  J  t o  r e p r e s e n t  t h e  i n e r t i a s  
o f  t h e  AC ( 0 . 0 7 6 7 2  k g / m 2 ) a n d  t h e  DC ( 0 . 0 5  k g /m  ) m a c h i n e s ,  t h e n  t h e  
r e s o n a n t  f r e q u e n c y  i s  1 2 2 2  r a d s / s e c  o r  1 9 4 . 5  Hz.
APPENDIX L
MECHANICAL RESONANT FREQUENCY OF SWINGING FRAME TEST RIG
FIG L.1 SWINGING FRAME TEST RIG
AC MACHINE MOUNTED 
IN SWINGING FRAME
W i t h  r e f e r e n c e  t o  F i g u r e  L. 1 ,  w h e r e  x  r e p r e s e n t s  t h e  L o a d  C e l l  
d e f l e c t i o n ,  R i s  t h e  e f f e c t i v e  r a d i u s  f r o m  t h e  m a c h i n e  p i v o t  p o i n t  t o  
t h e  l o a d  c e l l  a n d  0 t h e  a n g u l a r  d i s p l a c e m e n t ,  t h e n  f o r  s m a l l  0 : -
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W i t h  K a s  t h e  l o a d  c e l l  c o n s t a n t ,  a n d  M t h e  m a c h i n e  t o r q u e ,  t h e n  t h e  
e q u a t i o n s  o f  m o t i o n  a r e :  -
h2
M -  K9 = J  — ( 0 ) ( L . 2 )
d t
a n d :  -
M = J  —  ( 0 ) + KR0 (L . 3 )
d t 2
T h e  e q u a t i o n s  f o r  t h e  n a t u r a l  r e s p o n s e  ( u n f o r c e d )  i s  o b t a i n e d  b y  
e l i m i n a t i n g  M. T h e  g e n e r a l  s o l u t i o n  ( f r o m  A p p e n d i x  K) i s : -
0 = A  + B t  + C c o s  (w t  + $ )  ( L . 4 )2
x = R 0 (L. 1)
w h e r e : -
-  / F
a n d  i s  t h e  n o n  z e r o  n a t u r a l  ( r e s o n a n t )  f r e q u e n c y  o f  t h e  s y s t e m .  F o r  
t h e  p r o p o s e d  s e t  u p  K = 5 , 1 9 6 9  x 1 0  N /m , R =  0 . 5  m a n d  J  ( t h e  m om en t  
o f  i n e r t i a  o f  t h e  m a c h i n e  s t a t o r )  w a s  a s s u m e d  t o  b e  f i v e  t i m e s  t h a t  o f  
t h e  r o t o r  a n d  t o  b e  0 . 3 8 3 6  kgm2 . T h i s  g i v e s  t h e  m e c h a n i c a l  r e s o n a n t  
f r e q u e n c y  t o  b e  8 2 3  r a d s / s e c  o r  1 3 1 . 0  Hz.
APPENDIX M
BROOK COMPTON 7 . 5  HP WOUND ROTOR INDUCTION MACHINE DETAILS
Name P l a t e  D e t a i l s
C o m p to n  P a r k i n s o n
S e r i a l  N um ber
F ra m e
HP
RPM
( 0 9 4 3 )  8 7 3 2 1 1
S5G V P 815
8 2 5 4
7 . 5
1420
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P h a s e s  3
Hz 5 0
R a t i n g  MC
S . V o l t s  4 1 5  d e l t a
S .A m p s  1 3  d e l t a
R . V o l t s  2 3 5
R .A m p s  16
I n s u l a t i o n  C l a s s  E
D a t e  O f M a n u f a c t u r e r  1 9 6 8
S t a t o r  D e l t a  Wound
A d d i t i o n a l  D e t a i l s  From  M a n u f a c t u r e r
S t a t o r  R e s i s t a n c e  B e t w e e n  L i n e s  A t  1 9  C 1 . 8 5 7  Q
o
S t a t o r  R e s i s t a n c e  B e t w e e n  L i n e s  A t  7 5  C 2 . 2 6 0  £1
R o t o r  R e s i s t a n c e  B e t w e e n  L i n e s  A t  1 9 ° C  1 . 7 7  Q
o
R o t o r  R e s i s t a n c e  B e t w e e n  L i n e s  A t  7 5  C 2 .  1 5  £1
W i n d i n g  D e t a i l s
STATOR: D e l t a ,  1 8  c o i l s ,  p i t c h  ( 1 - 8 ) ,  3 6  s l o t s ,  2  a n d  1 c o i l s  p e r
g r o u p / p h a s e ,  ( 1 . 5  p e r  p h a s e ) ,  6 c o i l s  p e r  p h a s e .  C o i l s  4 7  t u r n s  w i r e  
m ad e o f  2  w i r e s  0 .0 3 4 m m .
ROTOR: S t a r ,  1 2  c o i l s ,  2 4  s l o t s ,  p i t c h  ( 1 - 6 ) ,  2  c o i l s  p e r  g r o u p ,  1 2  
t u r n s  p e r  c o i l ,  2  w i r e s  0 . 9 5  mm a n d  1 w i r e  1 mm i n  p a r a l l e l .
S e a r c h  C o i l  I n f o r m a t i o n
3 6  s t a t o r  t e e t h ,  9 5  mm b y  1 7  mm ( t h i s  i n c l u d e s  t h e  a i r  g a p  b e t w e e n  
t e e t h ) .  E a c h  f l u x  c o i l  c o n s i s t e d  o f  f o u r  t u r n s  o f  v e r y  f i n e  w i r e  
e n c l o s i n g  a n  a r e a  1 1 0  mm b y  1 2 7  mm. T h e  c o i l s  w e r e  w o u n d  b e t w e e n  s l o t s  
1 a n d  1 0 ,  7  a n d  1 6 ,  a n d  1 3  a n d  2 2 .
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E q u i v a l e n t  N um ber O f  T u r n s  P e r  P h a s e
U s i n g  s t a n d a r d  m a c h i n e  w i n d i n g  f o r m u l a  (CHAPMAN 1 9 8 7 ,  LANGSDORF 1 9 7 4 )  
t h e  m a c h i n e  w i n d i n g  p i t c h  f a c t o r  (K ) w a s  0 . 9 3 9 7 ,  a n d  t h e  d i s t r i b u t i o n
p
f a c t o r  (K ) w a s  0 . 9 5 9 8 .  F o r  t h i s  t h r e e  p h a s e  m a c h i n e  w i t h  1 8  c o i l s
d
e a c h  o f  4 7  t u r n s ,  t h e  e q u i v a l e n t  n u m b e r  o f  t u r n s  p e r  p h a s e  i s : -
0 8 H 4 7 ) k  „  ( M . 1 )
3  p  d
R a t e d  M a c h i n e  F l u x  P e r  P o l e
T h e  v o l t a g e  ( e )  d e v e l o p e d  a c r o s s  t h e  s t a t o r  i n d u c t a n c e  (L  ) ,  t a k i n g  
i n t o  a c c o u n t  t h e  s t a t o r  r e s i s t a n c e  b u t  n e g l e c t i n g  t h e
m a g n e t i s i n g  r e s i s t a n c e  (Rq ) i s : -
wL
e  =      V V 2  s i n ( w t )  (M. 2 )s
/  R2 + (wL )2 v s  s
w h e r e  Vg i s  t h e  rm s  s u p p l y  v o l t a g e  a n d : -
0) = 2  ti f  (M. 3 )
w h e r e  f  i s  t h e  s u p p l y  f r e q u e n c y .
A s s u m i n g  a  r a t e d  s i n u s o i d a l  s u p p l y  o f  4 1 5  V r m s ,  5 0  H z ,  a n d  t a k i n g  t h e  
m a c h i n e  p a r a m e t e r s  f r o m  C h a p t e r  6 , s e c t i o n  6 . 3  t h e n : -
e  = 0 . 9 9 9  V V 2  s i n ( w t )  (M. 4 )s
Now f o r  e a c h  w i n d i n g : -
e = N a i  (M- 5)
H e r e  N i s  t h e  e q u i v a l e n t  n u m b e r  o f  t u r n s  p e r  p h a s e  a n d  $  i s  t h e  f l u x  
l i n k i n g  e a c h  t u r n ,  w h i c h  i n  t h i s  c a s e  i s  t h e  f l u x  l i n k i n g  e a c h  m a c h i n e  
p o l e .
L e t : -
$  = $  s i n  (o>t) (M. 6 )PO
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w h e r e  $ pQ i s  t h e  p e a k  f l u x  p e r  p o l e  a n d  to i s  t h e  s u p p l y  f r e q u e n c y .  
T h e n : -
e  = N to $  c o s  ( t o t )  ( M .7 )po
E q u a t i n g  t h e  p e a k  v a l u e s  g i v e s : -
e  = N w $  (M .8 )po po
o r :  -
$  = (M. 9 )
po Nw
F o r  t h i s  m a c h i n e  u n d e r  r a t e d  c o n d i t i o n s  e  =  0 . 9 9 9  4 1 5  7 2  V, N = 2 5 4 . 3PO
a n d  to = 2  n  5 0 ,  w h i c h  g i v e s : -
$  = 7 . 3 3 9  x IO -3 Wb ( M . 1 0 )po
w h i c h  i s  t h e  p e a k  f l u x  p e r  p o l e  u n d e r  r a t e d  c o n d i t i o n s .
A s s u m i n g  a  s i n u s o i d a l  f l u x  d i s t r i b u t i o n  a c r o s s  t h e  p o l e  t h e n  t h e  
a v e r a g e  f l u x  p e r  p o l e  u n d e r  r a t e d  c o n d i t i o n s  i s : -
$  -  =  4 . 6 7 2  x 1 0 "3 Wb ( M . 1 1 )
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APPENDIX N
ANGULAR VELOCITY MEASUREMENT USING THE FREQUENCY COUNTER SCHEME
A s s u m e  t h e  a v a i l a b l e  h a r d w a r e  i s  a  s h a f t  e n c o d e r  r i g i d l y  f i x e d  t o  t h e  
m a c h i n e  s h a f t ,  w h i c h  h a s  a  h i g h  m e c h a n i c a l  r e s o n a n t  f r e q u e n c y .  T h e  
e n c o d e r  o u t p u t s  M p u l s e s  p e r  s h a f t  r e v o l u t i o n  i n  t w o  p h a s e  q u a d r a t u r e  
I a n d  Q t r a c k s ,  a l o n g  w i t h  a  s y n c h r o n i s a t i o n  p u l s e  c o r r e s p o n d i n g  t o  
o n e  r e v o l u t i o n .  T h e  I t r a c k  c a n  b e  c o n s i d e r e d  t o  b e  p h y s i c a l , w h i l s t  
t h e  Q t r a c k  i s  d e r i v e d  e l e c t r o n i c a l l y  a n d  i s  q u o t e d  a s  b e i n g  l e s s  
a c c u r a t e  i n  i t s  r e l a t i v e  t i m i n g .  We w i l l  a l s o  a s s u m e  t h a t  t h e  e d g e  
j i t t e r / s c a t t e r  o n  e a c h  c h a n n e l  p u l s e  i s  o n e  s t a n d a r d  d e v i a t i o n  o f  ±L °
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( a s s u m i n g  o n e  e l e c t r i c a l  p u l s e  t o  b e  3 6 0 ° ) .  T h i r d l y  a  g a t i n g  c l o c k  i s  
a v a i l a b l e  w h i c h  h a s  a  t i m i n g  u n c e r t a i n t y  o f  cr ( o n e  s t a n d a r d  d e v i a t i o n )  
( s e e  F i g u r e  N . 1 ) .
FIGURE N . 1 E n c o d e r t i m i n g  i n f o r m a t i o n
ENCODER
±L °
<->
3 6 0 °
<----------->
E d g e  J i t t e r
ENCODER 
I / Q  C h a n n e l L J _ r
POSITION X X , X X
E r r o r 4
GATE T i m i n g  
U n c e r t a i n t y
±tr ±cr ±CT
GATE
C l o c k r
GATE
TK - 1 TK
T im e
E r r o r
t
l V t 3 t 4
I n  t h i s  s y s t e m  t h e  t r a n s i t i o n  i n  t h e  s h a f t  e n c o d e r  c h a n n e l  o u t p u t s  a r e  
e l e c t r o n i c a l l y  c o u n t e d  i n  s o m e  f i x e d  g a t e  t i m e  i n t e r v a l  -  i t  i s  a  
f r e q u e n c y  c o u n t e r .  B y  d r i v i n g  t h e  e l e c t r o n i c  c o u n t e r  f r o m  b o t h  
p o s i t i v e  a n d  n e g a t i v e  t r a n s i t i o n s  i n  b o t h  t h e  I a n d  Q w a v e  f o r m s ,  o n e  
s h a f t  r e v o l u t i o n  w o u l d  e q u a l  f o u r  t i m e s  M c o u n t s ,  i f  i t  w e r e  n o t  
i n t e r r u p t e d .
B y  i n s t a l l i n g  a  g a t i n g  c i r c u i t  w h i c h  m e a s u r e s  t h e  c o u n t s  (N r ) b e t w e e n  
s u c c e s s i v e  g a t e  i n t e r v a l s  (T )  w e  c a n  c a l c u l a t e  t h e  a n g u l a r  v e l o c i t y  
(to ) f r o m : -R
w
R ESTIMATE
2n
4M r a d s / s e c (N. 1 }
w h e r e  K i s  a n  i n c r e a s i n g  i n t e g e r .  H e r e  T i s  a  f i x e d  t i m e  p e r i o d .
F ro m  t h i s  e q u a t i o n  w e  c a n  s e e  t h a t  t h e r e  a r e  tw o  m a i n  s o u r c e s  o f  
a n g u l a r  v e l o c i t y  m e a s u r e m e n t  e r r o r ,  o n e  d u e  t o  c o u n t  e r r o r s  i n  N a n dK
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t h e  s e c o n d  d u e  t o  t i m i n g  e r r o r s  i n  t h e  g a t e  t i m e  T. T h e  t i m i n g  e r r o r s
c a n  b e  s p l i t  i n t o  a  f u r t h e r  tw o  c o m p o n e n t s ,  o n e  d u e  t o  t h e  a c c u r a c y  o f
t h e  g a t e  t i m i n g  s y s t e m  ( c r ) , a n d  t h e  s e c o n d  d u e  t o  t h e  e f f e c t  o f
s c a t t e r  a n d  j i t t e r  o n  t h e  e n c o d e r  e d g e s  (L )  ( w h i c h  w e  h a v e  d e c i d e d  t o
t r e a t  a s  a  t i m i n g  e r r o r  a n d  n o t  a  c o u n t  e r r o r ) .
N. 1 A n g u l a r  V e l o c i t y  C o u n t  E r r o r
F i r s t  l e t  u s  a s s u m e  o u r  m e a s u r e m e n t  s y s t e m  t o  b e  i d e a l ,  a n d  t h e  e r r o r s  
o n l y  t o  b e  d u e  t o  t h e  c o u n t  e r r o r  i n  Nr . T h e  c o u n t e r  c a n n o t  o f  c o u r s e  
m e a s u r e  f r a c t i o n a l  i n t e r v a l s  b e t w e e n  t r a n s i t i o n s  s o  t h e  c o u n t  e s t i m a t e  
i s  a l w a y s  i n  e r r o r  b y  a  maximum o f  ±1  c o u n t s .
A s s u m e  t h e  s t a r t  a n d  f i n i s h  o f  t h e  g a t i n g  i n t e r v a l  (T )  i s  n o t  f i x e d  i n  
a n y  w a y  t o  t h e  e n c o d e r  o u t p u t .  I n  o t h e r  w o r d s  t h e  s t a r t  i s  e q u a l l y  
l i k e l y  t o  o c c u r  a t  a n y  p o s i t i o n  w i t h i n  t h e  i n t e r v a l  b e t w e e n  t w o  
e n c o d e r  e d g e  t r a n s i t i o n s  a n d  l i k e w i s e  f o r  t h e  f i n i s h .  T h e  p r o b a b i l i t y  
P ( x )  o f  t h e  s t a r t  o r  f i n i s h  l y i n g  a t  p o s i t i o n  ‘x ’ i n  t h e  r e s p e c t i v e  
i n t e r v a l  i s  u n i f o r m ,  h e n c e :  -
S o  o n  a v e r a g e  t h e  g a t i n g  s t a r t s  a t  t h e  c e n t r e  o f  t h e  i n t e r v a l ,  a n d  
f i n i s h e s  a t  t h e  c e n t r e ,  s o  l e t  u s  d e f i n e  t h e  p o s i t i o n  e r r o r  r e l a t i v e  
t o  t h e  c e n t r e  w h i c h  t h e r e f o r e  l i e s  i n  t h e  r a n g e : -
P ( x )  =  1 (N. 2 )
- 0 . 5  < x  < 0 . 5 (N. 3 )
a n d  t h e  m ea n  ( a v e r a g e )  p o s i t i o n  e r r o r  ( x )  i s  z e r o :
< x >  =  0 (N. 4 )
H e n c e  t h e  m ea n  s q u a r e  (m s )  p o s i t i o n  e r r o r  i s : -
+ 0 . 5
( N . 5 )
- 0 .  5
1_
12 (N. 6)
and  t h e  r o o t  mean s q u a r e  (rm s)  p o s i t i o n  e r r o r  i s : -
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X =  RMS
(N. 7)
F o r  a n g u l a r  v e l o c i t y  m e a s u r e m e n t  t h e r e  a r e  tw o  p o s i t i o n  e r r o r s ,  s a y
( F i g u r e  N . 1 ) .  A s s u m e  t h a t  t h e y  a r e  u n c o r r e l a t e d ,  t h e n  t h e  a c t u a l  c o u n t  
e r r o r  ‘e ’ i n  N i s  e q u a l  t o : -
a n d  h a s  a n  e q u a l  c h a n c e  o f  l y i n g  a n y w h e r e  w i t h i n  t h e  s o l i d  s q u a r e  o f  
F i g u r e  N. 2 .  T h e  s t r a i g h t  d i a g o n a l  l i n e s  a r e  c o n t o u r s  o f  a c t u a l  e r r o r  
( e )  w h i c h  l i e s  i n  t h e  r a n g e  ± 1 .  I n  o t h e r  w o r d s ,  i f  N t r a n s i t i o n s  a r e  
c o u n t e d  i n  a  g a t i n g  i n t e r v a l  T, t h e  a c t u a l  n u m b e r  o f  e n c o d e r  i n t e r v a l s  
c o u l d  b e  a n y w h e r e  i n s i d e  t h e  r a n g e  N - l  t o  N + l ,  w i t h  N b e i n g  t h e  m o s t  
l i k e l y  v a l u e .  T h e  p r o b a b i l i t y  o f  t h e  a c t u a l  e r r o r  P ( e )  i s  p r o p o r t i o n a l  
t o  t h e  l e n g t h  o f  t h e  c o n t o u r  i n t e r s e c t e d  b y  t h e  s q u a r e ,  s o : -
x  a n d  x  a t  t h e  s t a r t  a n d  f i n i s h  r e s p e c t i v e l y  o f  t h e  t i m e  i n t e r v a l  1 2
(N . 8 )
FIG N.2 ACTUAL POSITION ERROR
FINISH ERROR
/ +0,5 / /
CONTOURS OF 
TOTAL ERROR
-0.£
C
START ERROR
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w i t h  K a s  t h e  p r o p o r t i o n a l i t y  c o n s t a n t ,  a n d : -
I
P ( e )  = K(1 -  | e | ) (N .9 )
+i
P ( e ) d e  = 1 ( N . 1 0 )
- l
o r :  -
K | ( l -  | e | ) d e  = 1 ( N . 1 1 ) f (1  -   |
- i J
E v a l u a t i n g  t o  d e t e r m i n e  K g i v e s : -
P+i «o
K (1  -  e ) d e  + K (1  + e ) d e  = 1 (N. 1 2 )
o - i J
I  K + i  K = 1 ( N . 13)
K =  1 ( N . 1 4 )
H e r e  i t  c a n  b e  o b s e r v e d  t h a t  t h e  c o n s t a n t  o f  p r o p o r t i o n a l i t y  K i s  1.
We c a n  now  p r o v e  t h e  m ea n  o f  t h e  a c t u a l  c o u n t  e r r o r  ( e )  i s  e q u a l  t o  
z e r o ,  s i n c e : -
,+i
< e >  = | e  P ( e ) d e  (N. 1 5 )
J
r+1
= e  (1 — I e I ) d e
- i J
( N . 1 6 )
r° r+1e  (1  + e ) d e  + e  (1  -  e ) d e  (N. 1 7 )
-v
= 3 +H ) =0 (n'18)
T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  s t a n d a r d  s t a t i s t i c a l  r e s u l t : -
< ( x  -  x  )>  =  < x  > + < x  > (N. 1 9 )2 1 1 2
s i n c e  i n  o u r  c a s e : -
< e >  =  < ( x  -  x  )>  ( N . 2 0 )2 1
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< x  > = < x  > = 0  ( N . 2 1 )1 2
H o w e v e r ,  I n  a n a l y s i n g  t h e  a n g u l a r  v e l o c i t y  e r r o r  w e  a r e  i n t e r e s t e d  i n  
t h e  rm s c o u n t  e r r o r ,  w h i c h  c a n  b e  d e r i v e d  s i m p l y  f r o m  t h e  m e a n  s q u a r e  
(m s )  c o u n t  e r r o r  t h u s : -
2 f+12< e  > =  e  P ( e ) d e  ( N . 2 2 )
- r
and: -
r+12= e (1 -  |e|)de ( N . 2 3 )
- r
r° 2 r+12
=  I e  (1  + e ) d e  + J e  (1  -  e ) d e  ( N . 2 4 )
( N , 2 5 )
T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  s t a n d a r d  s t a t i s t i c a l  r e s u l t : -
< ( x 2 -  x  ) 2> = < x 2> + < x 2> (N. 2 6 )
s i n c e  i n  o u r  c a s e : -
< e 2 > = < ( x 2 -  x  >2 > ( N . 2 7 )
a n d :  -
<xl > = <x2> = 12  (N- 28)
d e f i n e d  i n  e q u a t i o n  N . 6 ,  a s s u m i n g  t h e  i n d e p e n d e n c e  o f  x j a n d  x ^ .  H e n c e  
t h e  rm s c o u n t  e r r o r  i s :  -
eRHS = v / T  (N- 29)
T h u s  t h e  m ea n  s q u a r e  e r r o r  i n  t h e  a n g u l a r  v e l o c i t y  m e a s u r e m e n t  d u e  t o  
t h e  c o u n t  e r r o r  ( e )  i s  d e f i n e d  b y : -
ms error = IH T  5  r a d s / s e c  ( N . 3 0 )
a n d  t h e  rm s e r r o r  i s  d e f i n e d  b y : -
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0
R RMS ERROR
2tc
4MT / T r a d s / s e c  ( N . 3 1 )
We c a n  s e e  t h e  a n g u l a r  v e l o c i t y  e r r o r  d u e  t o  t h e  c o u n t  e r r o r  i n  Nr i s  
i n d e p e n d e n t  o f  s h a f t  s p e e d ,  a n d  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f i x e d  
g a t e  t i m e  (T )  a n d  t h e  n u m b e r  o f  e n c o d e r  l i n e s  p e r  r e v o l u t i o n  (M ).
F o r  a n  e n c o d e r  w i t h  6 0 0 0  l i n e s  p e r  r e v o l u t i o n  (M ) ,  w h i c h  i s  
a p p r o a c h i n g  t h e  maximum p o s s i b l e  a t  r e a s o n a b l e  c o s t ,  a  t a b l e  o f  t h e  
rm s a n g u l a r  v e l o c i t y  e r r o r  d u e  t o  c o u n t  e r r o r  ( e )  i n  a g a i n s t  g a t e  
t i m e  (T )  c a n  b e  d e r i v e d  ( F i g u r e  N . 3 ) .
FIGURE N . 3  RMS a n g u l a r  v e l o c i t y  c o u n t  e r r o r  (N )
T
(m s)
0
R RMS ERROR
( r a d s / s e c )
10.0 ± 0 . 0 1 1
5 .  0 ± 0.021
1 .0 ± 0 . 1 0 7
0 . 5 ± 0 . 2 1 4
0 .  1 ± 1 . 0 6 9
N . 2  A n g u l a r  V e l o c i t y  G a t e  T i m i n g  U n c e r t a i n t y  E r r o r
I n  o r d e r  t o  a n a l y s e  t h e  g a t e  t i m i n g  u n c e r t a i n t y  e r r o r ,  l e t  u s  a s s u m e  
t h e  r e s t  o f  t h e  m e a s u r e m e n t  s y s t e m  t o  b e  i d e a l .
I f  w e t h i n k  a b o u t  i t ,  t h e n  w e a r e  n o  m o r e  t h a n  m e a s u r i n g  t h e  t i m e  f o r  
a  s p e c i f i c  a n d  f i x e d  p h a s e  a d v a n c e  A$ i n  t h e  g a t e  t i m e  i n t e r v a l  ( T ) : ~
A$ 
Wr T
r a d s / s e c ( N . 3 2 )
T h e  e r r o r  g e n e r a t e d  b y  t h e  g a t e  t i m i n g  e r r o r  (cr) r e p r e s e n t s  a  t i m i n g  
e r r o r  5 t ,  a n d  t h e  a p p r o p r i a t e  p h a s e  e r r o r  6$ ^  i s  s p e e d  d e p e n d e n t : -
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5 $  = to S tcr r
r a d s (N .33)
A s s u m i n g  <r t o  b e  t h e  rm s t i m i n g  u n c e r t a i n t y  o f  t h e  g a t e  t i m e  i n t e r v a l  
a t  t h e  tw o  p o i n t s  o f  t i m e  m e a s u r e m e n t  a t  t h e  s t a r t  a n d  f i n i s h  o f  
( r e s p e c t i v e l y  t^ a n d  t g ) ( F i g u r e  N . l ) ,  t h e n  t h e  t o t a l  t i m e  e r r o r  w i l l  
b e :  -
( t  -  t  ) ( N . 3 4 )2 1
a n d  t h e  m ean  s q u a r e  t i m e  e r r o r  i s : -
< ( t  -  t  ) 2 > =  < t 2 > + < t 2> ( N . 3 5 )2 1 1 2
*  2  cr2 (N. 3 6 )
u s i n g  t h e  s t a n d a r d  s t a t i s t i c a l  r e s u l t  o f  e q u a t i o n  N . 2 6 .
H e n c e  t h e  rm s a n g u l a r  v e l o c i t y  e r r o r  d u e  t o  t h e  g a t e  t i m e  i n t e r v a l  
u n c e r t a i n t y  i s  g i v e n  b y : -
to oY2
to = —5=—  r a d s / s e c  ( N . 3 7 )
R RMS ERROR T
H e r e  w e  h a v e  a  s i t u a t i o n  w h e r e  t h e  e r r o r  i s  p r o p o r t i o n a l  t o  t h e  s h a f t  
r o t a t i o n  r a t e  a n d  t h e  g a t e  t i m e  i n t e r v a l  e r r o r ,  a n d  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  g a t e  t i m e .
A s s u m i n g  t h e  maximum s h a f t  s p e e d  t o  b e  1 5 0 0  rpm ( 5 0 n  r a d s / s e c )  a n d  t h e  
maximum a c c e p t a b l e  rm s  e r r o r  i n  t h e  a n g u l a r  v e l o c i t y  t o  b e  0. 1  % o f  
r a t e d  ( 0 . 0 5 7 t  r a d s / s e c ) ,  w e  c a n  d e t e r m i n e  t h e  rm s g a t e  t i m i n g  
u n c e r t a i n t y  (cr) f o r  v a r i o u s  g a t e  t i m e  i n t e r v a l s  ( F i g u r e  N . 4 ) .  W i t h  
d i g i t a l  c o u n t e r s  b e i n g  c l o c k e d  i n  e x c e s s  o f  1 0  MHz, t h e  a n g u l a r  
v e l o c i t y  e r r o r  d u e  t o  t h e  g a t e  t i m i n g  e r r o r  (<r) c a n  b e  m a d e  s m a l l  
c o m p a r e d  t o  t h e  c o u n t  e r r o r .
N . 3  A n g u l a r  V e l o c i t y  E n c o d e r  E d g e  J i t t e r / S c a t t e r  E r r o r
S i m i l a r l y ,  t h e  e r r o r  i n d u c e d  b y  t h e  s c a t t e r  o r  j i t t e r  o f  t h e  t i m i n g  
e d g e s  (L )  o f  t h e  e n c o d e r  c h a n n e l  c a n  b e  a n a l y s e d  i n  t e r m s  o f  a  p h a s e  
e r r o r .  A s s u m i n g  t h e  r e s t  o f  t h e  m e a s u r e m e n t  s y s t e m  t o  b e  i d e a l ,  t h e
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FIGURE N .4 G a te  t i m i n g  a c c u r a c y  f o r  0 .1  % r a t e d  v e l o c i t y  e r r o r
T
(m s )
cr
( p s )
1 0 . 0 ± 7 0 . 7
5 . 0 ± 3 5 . 4
1 .0 ± 7 . 0 7
0 . 5 ± 3 . 5 4
0 .  1 ± 0 . 7 1
p h a s e  e r r o r  6$^ a t  e a c h  c h a n n e l  e d g e  i s : -
= oZriu x  Z n  r a d s  ( N . 3 8 )L 3 6 0M
A s s u m i n g  L t o  b e  a  s t a n d a r d  d e v i a t i o n ,  a n d  t h e  m e a s u r e m e n t s  t o  b e  
i n d e p e n d e n t  a t  t h e  m e a s u r i n g  p o i n t s ,  t h i s  g i v e s  t h e  rm s  e r r o r  d u e  t o  
e d g e  j i t t e r / s c a t t e r  t o  b e : -
co = 777777 x  2rc x  ^  r a d s / s e c  ( N . 3 9 )
R RMS ERROR 360M T
W h ic h  i s  i n d e p e n d e n t  o f  t h e  s h a f t  s p e e d  a n d  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  g a t e  t i m e  ( T ) .  F o r  t h e  e n c o d e r  o n  t h e  t e s t  r i g ,  L =  8 a n d  M = 
6 0 0 0 ,  a n d  t h e  a n g u l a r  v e l o c i t y  e r r o r  a g a i n s t  v a r i o u s  g a t e  t i m e  
i n t e r v a l s  i s  s h o w n  i n  F i g u r e  N . 5 .  T h i s  s h o w s  t h i s  e r r o r  t o o ,  t o  b e  
s m a l l  c o m p a r e d  t o  t h e  c o u n t  e r r o r .
N . 4  A n g u l a r  V e l o c i t y  E r r o r  C o n c l u s i o n s
C o m b i n i n g  t h e  t h r e e  r m s  e r r o r s  s t a t i s t i c a l l y  ( e q u a t i o n s  N . 3 1 ,  N . 3 7 ,
N . 3 9 ) ,  w e  o b t a i n  t h e  t o t a l  a n g u l a r  v e l o c i t y  rm s e r r o r  t o  b e : -
to = — /  — + 2 w2<r2 + 471 r a d s / s e c  ( N . 4 0 )
R RMS ERROR T /  ^ 2  g  R 3 6 Q V
T h u s  t h e  t o t a l  e r r o r  i s  a p p a r e n t l y  a  c o n s t a n t  a t  l o w e r  s p e e d s
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FIGURE N . 5  RMS a n g u l a r  v e l o c i t y  e n c o d e r  j i t t e r / s c a t t e r  e r r o r  (L )
T
(m s)
WR RMS ERROR
( r a d s / s e c )
1 0 . 0 ± 0 . 0 0 3 3
5 . 0 ± 0 . 0 0 6 6
1 . 0 ± 0 . 0 3 2 9
0 . 5 ± 0 . 0 6 5 8
0. 1 ± 0 . 3 2 9 1
( d o m i n a t e d  b y  t h e  c o u n t  e r r o r )  a n d  t h e n  s t a r t s  t o  i n c r e a s e  a t  s o m e  
b r e a k  p o i n t ,  w h i c h  a s s u m i n g  L = 8 ,  M = 6 0 0 0 ,  a n d  cr =  0 . 5  p s  o c c u r s  
w h e n : -
4  7t2 2 L 2 4 tt2 . . .
  +   r a d s / s e c  ( N . 4 1 )
16M2 6  3 6 0 2 M2
= 1 5 8 . 2  r a d s / s e c  o r  1 5 1 0  rpm ( N . 4 2 )
H e n c e  f o r  t h i s  a p p l i c a t i o n ,  m a k i n g  <r l e s s  t h a n  0 . 5  p s  h a s  n o  a d v a n t a g e  
( a  m aximum c l o c k  f r e q u e n c y  o f  2  M H z), a n d  t h e  o v e r a l l  e r r o r  i s  
d o m i n a t e d  b y  t h e  c o u n t  e r r o r .  A t  1 5 0 0  rpm, w i t h  L = 8 ,  M =  6 0 0 0  a n d  <r 
=  0 . 5  p s ,  t h e  t o t a l  rm s  v e l o c i t y  e r r o r  i s  s h o w n  i n  F i g u r e  N. 6  f o r  
v a r i o u s  g a t e  t i m e  i n t e r v a l s .  T h e  maximum e r r o r  a t  a  g a t e  t i m e  i n t e r v a l  
o f  0 .  1 ms r e p r e s e n t s  1 % o f  t h e  r a t e d  a n g u l a r  v e l o c i t y .
H o w e v e r ,  o n e  f i n a l  d i s a d v a n t a g e  o f  t h e  s c h e m e  i s  t h e  f r e q u e n c y  
r e s p o n s e  r o l l  o f f .  I f  t h e  v e l o c i t y  i s  o s c i l l a t o r y  w i t h  f r e q u e n c y  f  ,
M
t h e n  i t  c a n  b e  s h o w n  t h a t  t h e  m e a s u r e d  a m p l i t u d e  t o  t h e  o r i g i n a l  
s i g n a l  a m p l i t u d e  i s  g i v e n  b y : -
S i n ( 7 t f  T ) n2
M K
7Tf T H K
( N . 4 3 )
S o  t h a t  f o r  a  g a t e  s a m p l e  i n t e r v a l  o f  a p p r o x i m a t e l y  1 ms (T ) t h e
r e s p o n s e  w i l l  h a v e  f a l l e n  t o  z e r o  a t  f  = 1  k H z ,  w h i l s t  a t  f  =  5 0 0  Hz
M M
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t h e  r e s p o n s e  h a s  f a l l e n  t o  41  % o f  n o r m a l .  T h i s  m ay b e  o f  a c c e p t a b l e  
p e r f o r m a n c e  d e p e n d i n g  o n  t h e  n a t u r e  o f  t h e  v e l o c i t y  m e a s u r e m e n t .
FIGURE N . 6  T o t a l  RMS a n g u l a r  v e l o c i t y  e r r o r
T
(m s )
to
R RMS ERROR 
( r a d s / s e c )
1 0 .  0 ± 0 . 0 1 5
5 .  0 ± 0 . 0 3 2
1 . 0 ± 0 . 1 5 8
0 .  5 ± 0 . 3 1 5
0 .  1 ± 1 . 5 7 6
APPENDIX 0
ANGULAR ACCELERATION MEASUREMENT USING THE FREQUENCY COUNTER SCHEME
W i t h  r e f e r e n c e  t o  A p p e n d i x  N a n d  A p p e n d i x  N, F i g u r e  N . 1 ,  b y  m e a s u r i n g  
t h e  a n g u l a r  v e l o c i t y  o v e r  s u c c e s s i v e  g a t e  i n t e r v a l s  (T )  w e c a n  
c a l c u l a t e  t h e  a n g u l a r  a c c e l e r a t i o n  (toR) f r o m : -
to
R ESTIMATE = T  [  "b k -  K-1  ]  r a d s / s e c 2 ( 0 . 1 )
w h e r e  K i s  a n  i n c r e a s i n g  i n t e g e r .  T h i s  c a n  a l s o  b e  e x p r e s s e d  i n  t e r m s  
o f  t h e  m e a s u r e d  c o u n t  (N , N ) o v e r  s u c c e s s i v e  g a t e  i n t e r v a l s  ( T ) : -K K-l
_ 2n 
R ESTIMATE ~  4MT
N N
K K-l 2
r a d s / s e c  ( 0 . 2 )
F ro m  t h i s  e q u a t i o n  w e c a n  s e e  t h a t  t h e i r  a r e  tw o  m a i n  s o u r c e s  o f  
a n g u l a r  a c c e l e r a t i o n  a b s o l u t e  m e a s u r e m e n t  e r r o r ,  o n e  d u e  t o  c o u n t
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e r r o r s  in  and Nr ^, and th e  second  due to  t im in g  e r r o r s  in  th e  g a t e  
t im e T. The t im in g  e r r o r s  can be s p l i t  i n t o  a f u r t h e r  two components,  
one due to  th e  a cc u r a cy  o f  th e  g a t e  t im in g  system  (cr), and th e  second  
due to  th e  e f f e c t  o f  s c a t t e r  and j i t t e r  on th e  en co d er  ed g es  (L) 
(which we have d e c id e d  to  t r e a t  a s  a t im in g  e r r o r  and n o t  a count  
e r r o r ) .  In a d d i t io n ,  th e r e  i s  a a n g u la r  a c c e l e r a t i o n  r e l a t i v e  e r r o r ,  
th e  p o in t  b e in g  th a t  th e  d i f f e r e n c e  betw een  th e  c o u n ts  in  s u c c e s s i v e  
i n t e r v a l s  (N^, Nr f  must be la r g e  enough to  a l l o w  th e  r e q u ir e d  
p r e c i s i o n .
0 .1  Angular A c c e l e r a t i o n  A b so lu te  Count Error
F i r s t  l e t  us i n v e s t i g a t e  th e  count e r r o r .  With r e f e r e n c e  to  e q u a t io n  
0 . 2 ,  l e t : -
N = y + e ( 0 .3 )
K K K
and: -
N = y + e ( 0 .4 )
K - l  K - l  K - l
where y  , y i s  th e  tr u e  count and e , e  th e  count e r r o r s .
J K J K- 1  K K - l
Assuming th e  s t a r t  and f i n i s h  p o s i t i o n  e r r o r s  in  N to  be x and xK 1 2
r e s p e c t i v e l y  (Appendix N, F ig u re  N .1 ) ,  t h e n : -
e  = (x -  x ) ( 0 .5 )
K 2  1
S i m i l a r l y ,  l e t  th e  s t a r t  and f i n i s h  p o s i t i o n  e r r o r  in  N be x and
K - l  3
x r e s p e c t i v e l y  (Appendix N, F ig u re  N .1 ) ,  t h e n : -4
e  = (x -  x ) ( 0 . 6 )
K - l  4  3
Appendix N, e q u a t io n  N .7  shows th a t  th e  rms e r r o r  o f : -
<x > = <x > = <x > = <x > = ± / f t  ( 0 . 7 )
l  2  3  4  v  12
Thus th e  mean sq uare  e r r o r  in  th e  a n g u la r  a c c e l e r a t i o n  measurement i s  
dependent on < (e K ~ f  >> which can be e x p r e s s e d  u s in g  th e  s ta n d a rd  
s t a t i s t i c a l  r e s u l t  (Appendix N, e q u a t io n  N .26)  to  b e : -
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< (e  -  e ) 2> = < [ ( x  -  x ) -  (x -  x ) ] 2> ( 0 . 8 )
K K - l  2  1 4  3
= < (x -  x  ) 2> + < (x -  x ) 2> ( 0 . 9 )
2  1 4  3
= <x2> + <x2> + <x2> + <x2> ( 0 .1 0 )
2  1 4  3
Which g iv e s :
<(eK -  eK -,) 2 > = T2  = 3  (0- n )
Thus assum ing independence  betw een  x^, x 2> x g, x  ^ th e  rms a n g u la r  
a c c e l e r a t i o n  e r r o r  due to  th e  count e r r o r  i s : -
2n
0
R RMS  ERROR . .  . „ 2  4M1
J   ^ r a d s / s e c 2 ( 0 .1 2 )
In f a c t  th e  two an gu lar  v e l o c i t y  measurements a re  n o t  Independent due
to  th e  s u c c e s s i v e  n a tu r e  o f  th e  problem. In t h i s  c a s e  th e  f i n i s h i n g
e r r o r  o v er  th e  f i r s t  i n t e r v a l  x i s  r e l a t e d  to  th e  s t a r t  e r r o r  o f  th e2
n e x t  s u c c e s s i v e  i n t e r v a l  (Appendix N, F ig u re  N . l )  b y : -
X3 = -X (0 .1 3 )
\  = (X2 “ Xl^ 14)
and: -
V l  = <X4 + r i ’ (0 ' 15)
and s o : -
< (e  -  e  ) 2> = < [ (x -  x ) -  (x + x ) ] 2> ( 0 .1 6 )
= < ( -  x -  x )2> ( 0 .1 7 )
1 4
w hich  u s in g  th e  s ta n d a rd  s t a t i s t i c a l  r e s u l t  shown in  Appendix N, 
e q u a t io n  N .26 e q u a l s : -
= <x2> + <x2> (0.18)1 4
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Now <x2> = <x2> = ( 0 .1 9 )
l  4  12
from Appendix N, e q u a t io n  N .6 ,  t h e r e f o r e : -
<(eK '  = (0 -20)
Hence assum ing dependence betw een  x^ and X3> th e  rms a n g u la r  
a c c e l e r a t i o n  e r r o r  due to  th e  count e r r o r  i s : -
w _ _ IL- /  i  r a d s / s e c 2 ( 0 .2 1 )
R RMS ERROR . . . „ 2  V  6  
4M1
Both e q u a t io n s  0 . 1 2  and 0 .2 1  have been v a l i d a t e d  u s in g  s im p le  
s im u la t io n .
The e r r o r  i s  ind ep en d en t o f  th e  s h a f t  speed  and i s  p r o p o r t io n a l  to  
b o th  th e  in v e r s e  square o f  th e  g a t e  t im e and th e  number o f  en cod er  
l i n e s  per  r e v o lu t io n .
For an en cod er  w ith  6000 l i n e s  per  r e v o lu t i o n  (M), which i s  
ap proach in g  th e  maximum p o s s i b l e  a t  r e a s o n a b le  c o s t ,  a t a b l e  o f  th e  
rms a c c e l e r a t i o n  e r r o r  assum ing dependence a g a i n s t  g a t e  t im e can be 
d e r iv e d  (F ig u re  0 . 1 )  f o r  count e r r o r .  T h is  may be ap proach in g  an 
ad eq uate  a ccu ra cy  a t  lo n g e r  g a t e  t im e i n t e r v a l s ,  b ut th e  u pdate  o f  
a n g u la r  a c c e l e r a t i o n  i s  th en  in a d eq u a te  f o r  th e  p urpose .
FIGURE 0 . 1  RMS a n g u la r  a c c e l e r a t i o n  count e r r o r  (N)
T
(ms)
to
R R M S  E R R O R
( r a d s / s e c 2 )
1 0 .0 ± 1 .0 6 8
5 . 0 ± 4 .2 7 5
1 .0 ± 1 0 6 .8 7 9
0. 5 ± 4 2 7 .5 1 7
0. 1 ± 1 0 6 8 7 .9 1 5
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0 .2  A ngular A c c e le r a t io n  G ate Tim ing U n c e r ta in ty  E rror
To ta k e  i n t o  accou n t th e  e r r o r s  in tro d u c ed  by th e  g a t e  i n t e r v a l  t im in g  
e r r o r  (a ) and th e  s c a t t e r  or  j i t t e r  o f  th e  t im in g  e d g e s  on e i t h e r  
ch an ne l  (± L°) we s h a l l  p ro ceed  w ith  th e  f o l l o w i n g  a n a l y s i s ,  assum ing  
th e  r e s t  o f  th e  measurement sy stem  to  be id e a l .
Suppose th a t  th e  d i f f e r e n c e  betw een  th e  number o f  c o u n ts  N and N
K K - 1
i s  sm a ll  (even  though th e  a c c e l e r a t i o n  i s  l a r g e ) .  I f  we th in k  about  
i t ,  th en  we a re  no more than m easuring  th e  t im e f o r  a s p e c i f i c  and 
f i x e d  phase  advance A$ in  two s u c c e s s i v e  g a t e  i n t e r v a l s  ( T ) : -
2w = —  r a d s / s e c  ( 0 ,2 2 )R rp2
The e r r o r  g e n e r a te d  by th e  g a t e  t im in g  e r r o r  (a )  r e p r e s e n t s  a t im in g  
e r r o r  <5t, and th e  a p p r o p r ia t e  phase  e r r o r  5$^ i s  sp eed  d e p e n d e n t : -
6$ = o) St rads (0 .2 3 )
O' R
Assuming o' to  be th e  rms t im in g  u n c e r t a in t y  o f  th e  g a t e  t im e i n t e r v a l ,
and th e  fo u r  p o i n t s  o f  t im e measurement to  be t  , t  ( s t a r t  and f i n i s h
1 2
o f  th e  f i r s t  g a t e  i n t e r v a l ) ,  t  , t  ( s t a r t  and f i n i s h  o f  th e  second  
g a t e  i n t e r v a l )  a s  d e p ic t e d  in  Appendix N, F ig u r e  N . l ,  th en  th e
a c c e l e r a t i o n  e r r o r  w i l l  be dependent on th e  t im in g  e r r o r s  o v er  th e
t o t a l  g a t e  p e r io d .
The t o t a l  t im e e r r o r  i s  t h e r e f o r e : -
( t 2 -  t x) -  ( t 4 -  t 3 ) ( 0 .2 4 )
Then th e  mean sq uare  tim e e r r o r  i s : -
< [ ( t  -  t  ) -  ( t  -  t ) ] 2> = < t2> + < t2> + < t2> + < t 2> ( 0 .2 5 )
2 1 4 3  1 2 3 4
= 4 O' 2  ( 0 .2 6 )
u s in g  th e  r e s u l t  o f  e q u a t io n  0 . 8  and 0 .1 0 .
Hence assum ing ind ep en d en ce  betw een  t^, t 2, t g and t  , th en  th e  rms
a n g u la r  a c c e l e r a t i o n  e r r o r  due to  th e  g a t e  tim e i n t e r v a l  u n c e r t a in t y  
i s  g i v e n  b y : -
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0 = —5-------  r a d s / s e c 2 ( 0 .2 7 )
R RMS ERROR ^ 2
In f a c t  i f  we ta k e  measurements o v er  s u c c e s s i v e  i n t e r v a l s ,  th en  th e
e r r o r s  a re  dependent and th e  c e n t r e  t im in g  e r r o r  i s  common to  b o th  
i n t e r v a l s  a n d :-
t  = -  t  ( 0 .2 8 )
3  2
and hence  th e  t o t a l  t im e e r r o r  i s : -
( t  -  t  ) -  ( t  + t  ) ( 0 .2 9 )
2  1 4  2
Then th e  mean square t im e e r r o r  b eco m es:-
< [ ( t  " t  ) -  ( t  + t  ) ] 2> = < ( - t  -  t  ) 2> ( 0 .3 0 )
2  1 4  2  1 4
0 2 cr
= < t2> + < t2> ( 0 .3 1 )
1 4
= 2 o'2 ( 0 .3 2 )
u s in g  th e  r e s u l t  o f  Appendix N, e q u a t io n  N .26.
Thus assum ing dependence betw een  t  and t  , th en  th e  rms a c c e l e r a t i o n  
e r r o r  due to  th e  t im in g  u n c e r t a in t y  i s  g iv e n  by: -
0 oY 2
0 =  -----  r a d s / s e c 2 ( 0 .3 3 )
R RMS ERROR ^ 2
Here we have a s i t u a t i o n  where th e  e r r o r  i s  p r o p o r t io n a l  to  th e  s h a f t  
r o t a t i o n  r a t e  and th e  g a t e  t im e i n t e r v a l  e r r o r ,  and i s  i n v e r s e l y  
p r o p o r t io n a l  to  th e  sq uare  o f  th e  g a t e  t im e.
Assuming th e  maximum s h a f t  sp eed  to  be 1500 rpm (50 tt r a d s / s e c )  and th e
maximum a c c e p t a b le  rms e r r o r  in  th e  a n g u la r  a c c e l e r a t i o n  to  be 20  
2
r a d s / s e c  , we can d e te rm in e  th e  rms g a t e  t im in g  u n c e r t a in t y  (cr) f o r  
v a r io u s  g a t e  t im e i n t e r v a l s  (F ig u re  0 . 2 ) .  T h is  shows t h a t  a s  th e  g a t e  
t im e  i n t e r v a l  d e c r e a s e s ,  th e  g a t e  t im e u n c e r t a in t y  (cr) becomes v e r y  
im p ortan t.
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FIGURE 0 .2  G ate tim in g  a ccu ra cy  fo r  g iv e n  a c c e le r a t io n  e r r o r
T
(ms)
O'
(jus)
10. 0 ± 9 .0 0 3
5 . 0 ± 2 .2 5 1
1 .0 ± 0 .0 9 0
0, 5 ± 0 .0 2 3
0. 1 ± 0 .0 0 9
In com parison  a t  1500 rpm, th e  e f f e c t i v e  encoder fr e q u e n c y  i s  25x4xM 
Hz, w hich  f o r  a 6000 l i n e  en cod er  i s  600 kHz ( 1 .6  jus). F ig u r e  0 . 2  
shows th a t  even  though we may o n ly  have a g a te  o f  1 ms (1 kHz) we must 
have a h ig h  g a te  t im in g  p r e c i s i o n .
0 . 3  Angular A c c e l e r a t i o n  A b so lu te  Encoder Edge J i t t e r / S c a t t e r  Error
S i m i l a r l y  to  th e  g a t e  t im in g  u n c e r t a in t y  e r r o r ,  th e  e r r o r  induced  by 
th e  s c a t t e r  or j i t t e r  o f  th e  t im in g  ed g es  (L) o f  th e  en cod er  ch an nel  
can be a n a ly s e d  in  terms o f  a phase  e r r o r .  Assuming th e  r e s t  o f  th e  
measurement sy stem  to  be i d e a l ,  th e  phase e r r o r  <5$^  a t  ea ch  channel  
ed ge  i  s : -
= 3^qm x 2n rads ( 0 .3 4 )
Assuming L to  be a s ta n d a rd  d e v i a t i o n ,  and th e  m easurements to  be 
in d ep en d en t a t  th e  m easuring  p o in t s ,  t h i s  g i v e s  th e  rms e r r o r  due to  
edge j i t t e r / s c a t t e r  to  b e : -
L  2 2to = K T n u  x  2 k  x  —  r a d s / s e c  ( 0 .3 5 )
R RMS ERROR 360M .^2
Assum ing d ependence th en  t h i s  r e d u ce s  t o : -
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L 72 2
w  =  o X  2ir X  —  r a d s / s e c  ( 0 .3 6 )
R RMS ERROR 360M ^ 2
Assuming L = 8, M = 6000, th en  F ig u re  0 . 3  t a b u la t e s  t h i s  e r r o r  a g a i n s t  
th e  g a t e  t im e i n t e r v a l  (T). T h is  e r r o r  i s  sm a ll  compared to  th e  count  
e r r o r .
FIGURE 0 . 3  RMS a n g u la r  a c c e l e r a t i o n  en cod er  j i t t e r / s c a t t e r  e r r o r  (L)
T
(ms)
to
R R M S  E R R O R
( r a d s / s e c 2 )
1 0 .0 ± 0 .3 2 9
5. 0 ± 1 .3 1 6
1 .0 ± 3 2 .9 1 0
0 .5 ± 131 .641
0. 1 ± 3 2 9 1 .0 2 4
0 . 4  Angular A c c e l e r a t i o n  E rror C o n c lu s io n s
Combining th e  th r e e  rms e r r o r s  s t a t i s t i c a l l y  ( e q u a t io n s  0 .2 1 ,  0 .3 3 ,
0 . 3 6 ) ,  we o b ta in  th e  t o t a l  rms a n g u la r  a c c e l e r a t i o n  e r r o r  to  b e : -
nuc mnnn = ~~z /  + 2(3a*2 + ■ r a d s / s e c 2 ( 0 .3 7 )
T V  16M 6 R 3 6 0 2M2
Thus th e  t o t a l  e r r o r  i s  a p p a r e n t ly  a c o n s ta n t  a t  low er s p e e d s  
(dom inated  by th e  count e r r o r )  and th en  s t a r t s  to  i n c r e a s e  a t  some 
break  p o in t ,  w hich  assum ing L = 8, M = 6000, and a  = 0 . 5  ps  o c c u r s  
w hen:-
1 /  4 n2 2L24?r2 , ,to =   /   —  + ------—— r a d s / s e c  ( 0 .3 8 )
<r72 /  16M 6 360 M
= 1 5 8 .2  r a d s /s e c  or  1510 rpm (0 .3 9 )
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Hence f o r  t h i s  a p p l i c a t i o n ,  making <r l e s s  than  0 . 5  ps has  no 
ad vantage .  The o v e r a l l  e r r o r  i s  dom inated by e q u a t io n  0 .2 1  (F ig u re  
0 . 1 ) ,  w hich shows t h a t  th e  e r r o r  i s  adequate  a t  lo n g e r  g a t e  tim e  
i n t e r v a l s ,  but th e  u pdate  o f  a n g u la r  a c c e l e r a t i o n  may th en  be 
in a d eq u a te  f o r  our p u r p o s e s ! .
F ig u r e  0 . 4  shows th e  t o t a l  rms e r r o r  a t  1500 rpm, w i th  L = 8, M = 6000  
and tr = 0 . 5  ps f o r  v a r io u s  g a t e  i n t e r v a l s  (T). T h is  shows th e  e r r o r  to  
be a c c e p t a b le  a t  l a r g e r  g a t e  t im e i n t e r v a l s ,  th en  to  i n c r e a s e  v e r y  
r a p i d l y  a t  sm a ll  g a t e  i n t e r v a l s .
FIGURE 0 . 4  T o ta l  RMS a n g u la r  a c c e l e r a t i o n  e r r o r
T
(ms)
to
R R M S  E R R O R
( r a d s / s e c 2 )
10. 0 ± 1 .5 7 6
5. 0 ± 6 .3 0 5
1 .0 ± 1 5 7 .6 1 7
0. 5 ± 6 3 0 .4 7 0
0. 1 ± 1 5 7 61 .739
However, one f i n a l  d is a d v a n ta g e  o f  t h i s  scheme i s  th e  fr e q u e n c y  
r e s p o n s e  r o l l  o f f .  I f  th e  a c c e l e r a t i o n  i s  o s c i l l a t o r y  w i th  fr e q u e n c y  
f  , th en  i t  can be shown th a t  th e  measured am p litu d e  to  th e  o r i g i n a l  
s i g n a l  am p litu d e  i s  g iv e n  b y : -
S in (r tf  T )M K
ref T
M K
(0 .4 0 )
So t h a t  f o r  a g a t e  sample i n t e r v a l  o f  a p p r o x im a te ly  1 ms (T ) th e
r e s p o n s e  w i l l  have f a l l e n  t o  z e r o  a t  f  = 1  kHz, w h i l s t  a t  f  = 500 Hz
m m
th e  r e s p o n s e  has f a l l e n  to  41 % o f  normal. T h is  may be o f  a c c e p t a b le  
p erform ance d ep en d in g  on th e  n a tu r e  o f  th e  a c c e l e r a t i o n .
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APPENDIX P
ANGULAR VELOCITY MEASUREMENT USING THE TIMER COUNTER SCHEME
In t h i s  sys tem  a s u i t a b l e  f a s t  co u n te r  m easures th e  t im e i n t e r v a l  
betw een  one or more t r a n s i t i o n s  betw een  o u tp u ts  o f  th e  s h a f t  en co d er  -  
i t  i s  a t im er  co u n ter .
T h is  method m easures th e  number o f  c o n s e c u t iv e  t im er  p u l s e s  Nr (from  
one tr a c k  o n ly )  and r e c o r d s  th e  tim e taken  T  ^ to  do t h i s .  The co u n ter  
d e c i d e s  upon N and T a s  soon  a s  th e  e la p s e d  tim e has p a s s e d  th e  g a t eK K
t im e and th e  n ex t  channel t r a n s i t i o n  o c c u r s .  As has been  d e v e lo p e d  in  
Appendix N th e  a n g u la r  v e l o c i t y  e s t im a t e  i s : -
2n0) ~ —T7
R E S T I M A T E  M
N_K
TK J
r a d s / s e c  ( P . 1)
Here Tr i s  th e  a c t u a l  t im e i n t e r v a l ,  b e in g  v er y  c l o s e  to  th e  g a t e  t im e  
i n t e r v a l  (T). The d i f f e r e n c e  from th e  fr eq u e n c y  c o u n te r  scheme
(Appendix N) i s  th a t  th e  cou n ted  number o f  c y c l e s  i s  e x a c t ,  and i t  i s
o n ly  th e  e la p s e d  tim e (T^) which i s  in  doubt, b e in g  d e term in ed  by th e
p r e c i s i o n  o f  what e v e r  c lo c k  i s  u sed  (o') and th e  u n c e r t a in t y  in  th e
ch an nel  t im in g  e d g e s ,  cau sed  by j i t t e r  and s c a t t e r  (L).
P . 1 Angular V e l o c i t y  Gate Timing U n c e r t a in ty  Error
The g a t e  t im in g  u n c e r t a in t y  e r r o r  has a lr e a d y  been  a n a ly s e d  in  
Appendix N (e q u a t io n  N .37, and F ig u r e  N .4 ) ,  where th e  g a t e  t im e  
i n t e r v a l  T i s  r e p la c e d  by T .
Hence th e  rms a n g u la r  v e l o c i t y  e r r o r  due to  th e  g a t e  t im e i n t e r v a l  
u n c e r t a in t y  i s  g iv e n  b y : -
w oV2
to = — =—  r a d s / s e c  (P. 2)
R RMS ERROR TK
In com parison  to  th e  f r e q u e n c y  co u n te r  scheme (Appendix N), b o th
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systems in  other words must d e liv e r the same p re c is io n  in  measuring 
the gate in te rv a l. The frequency counter scheme however, does not need 
to a c tu a lly  count anything between gate in te rv a ls , i t  le t s  the sh a ft  
encoder do the job.
P. 2 Angular V e lo c ity  Encoder Edge J it te r/ S c a t te r  E r ro r
S im ila r ly ,  the j i t te r / s c a t te r  e rro r  has been analysed in  Appendix N 
(equation N.39, F ig u re  N .5), and th is  gives the rms e rro r  due to  edge 
j i t te r / s c a t te r  to be:-
L  f2
0  = 7 7 7 7 7  x 2n x =- rads/sec (P. 3)
R RMS ERROR 360M T
K
P .3 Angular V e lo c ity  Combined E r ro r
The tim er counter scheme does not have the large e rro r  term caused by 
the unc erta in ty  in  the count N^  o f the frequency counter scheme 
(Appendix N, equation N.31, F ig u re  N.2) so the to ta l rms angular 
v e lo c ity  e rro r  i s  now given by combining equations P. 2 and P. 3 
s t a t i s t ic a l ly  and s im p lify in g  to g iv e :-
0 = —  /  0  cr +   rads/sec (P. 4)
R RMS ERROR “  *
The e rro r  i s  again apparently a constant at lower speeds (dominated by 
the channel edge j i t t e r  and sc a tte r) , and then s t a r t s  to  increase at 
some break p o in t, which assuming L  = 8, M = 6000 and cr = 0 .5  ps occurs 
when:-
2Ltt
Wr 360M<r ( 5
= 46 .5  rads/sec o r 444 rpm ( P .6)
Thus fo r  t h is  ap p lica tion , making cr le s s  than 0 .5  ps would have c lear 
advantages. Below t h is  speed the e rro r  i s  dominated according to  
F ig u re  N. 4 (Appendix N), and would allow an accurate measurement o f 
angular v e lo c ity  w ith  sm all e rro r .
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The lo w e s t  s e n s i b l e  l i m i t  f o r  <r, i s  when th e  break p o in t  i s  a t  th e  
maximum s h a f t  speed  o f  1500 rpm, th en  from e q u a t io n  P . 5 : -
<r = 3 § 5 S ir (p-7)R
= 0 .1 5  ps ( 6 .7 5  MHz) (P. 8)
T h is  im p l ie s  th a t  w ith  t h i s  s e t  up i t  i s  p o i n t l e s s  h a v in g  a c lo c k  r a t e
g r e a t e r  than about 7 MHz f o r  th e  t im er  co u n ter  freq u en cy .
F ig u re  P. 1 shows th e  t o t a l  rms an gu lar  v e l o c i t y  e r r o r  a t  1500 rpm,
w ith  M = 6000, L = 8 and cr = 0 .1 5  ps  f o r  v a r io u s  g a t e  t im e i n t e r v a l s
(Tr ). Even a t  a g a t e  t im e i n t e r v a l  o f  0 .1  ms, th e  e r r o r  r e p r e s e n t s  0 . 3  
% o f  th e  r a te d  a n g u la r  v e l o c i t y .  T h is  r e p r e s e n t s  a f a c t o r  o f  th r e e  
improvement on th e  fr eq u e n c y  co u n ter  scheme o f  Appendix N.
FIGURE P . 1 T o ta l  RMS a n g u la r  v e l o c i t y  er ro r
T
K
to
R R M S  E R R O R
(ms) ( r a d s / s e c )
10. 0 ± 0 .0 0 4 7
5 . 0 ± 0 .0 0 9 4
1 .0 ± 0 .0 4 6 8
0. 5 ± 0 .0 9 3 7
0. 1 ± 0 .4 6 8 3
P . 4 Improvements On Angular V e l o c i t y  Error
The dominant ch an nel  edge j i t t e r / s c a t t e r  (L) e r r o r s  a r e  due to  th e  
en cod er  r o t a t i n g  d i s c  n o t  mounted on th e  c e n t r e  o f  th e  s h a f t ,  and th e  
p o s i t i o n  and t h i c k n e s s  o f  i t s  l i n e s  b e in g  a v a r i a b l e .  By c a l i b r a t i n g  
th e  en cod er  o u tp u t  a t  v a r io u s  sp eed s  w ith  r e f e r e n c e  t o  th e  p o s i t i o n
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marker p u l s e ,  i t  i s  p o s s i b l e  t o  s u b s t a n t i a l l y  reduce t h i s  e r r o r  term. 
In com bin ation  w ith  im proving th e  g a t e  t im e i n t e r v a l  a cc u r a cy  (tr), th e  
an g u la r  v e l o c i t y  measurement w i l l  th en  be improved.
Another fundam ental improvement in  t h e s e  e r r o r s  can be made i f  we were  
to  u se  e v e r y  p ie c e  o f  a v a i l a b l e  encoder in fo rm a t io n ,  and t h a t  we were  
to  p r o c e s s  t h i s  d a ta .  Imagine th a t  we had an i d e a l  measurement system  
w hich co u ld  reco rd  th e  t im in g  o f  e v e ry  t r a n s i t i o n  produced by th e  
en cod er .  At a c o n s ta n t  v e l o c i t y ,  t h e s e  p l o t s  would form a s t r a i g h t  
l i n e  w i t h in  th e  a c t u a l  g a t e  t im e i n t e r v a l  (T^). A mean sq uare  f i t  to  
t h e s e  p o in t s  would e s t im a t e  th e  v e l o c i t y  w ith  improved a ccu ra cy  from 
th e  g r a d ie n t .
thC o n s id e r in g  th e  n v e l o c i t y  p o in t s ,  th en  f o r  th e  i  : -
( P . 9)
where y i s  th e  c a l c u l a t e d  v a lu e ,  x th e  tr u e  v a lu e  and e th e  rms M l I
e r r o r ,  t h e n : -
<y> = <x> + <e> (P. 10
or: -
n D n II m H£ y  £ x £  ecr i _  o t o i
n n n
The mean square e r r o r  i s  g iv e n  b y : -
( P . 11)
/ ’e +e +e + . . e "ms e r r o r  = / 1 2  3 n
\ n >
( P . 12)
or: -
, 2 2 2  < (e  +e +e + 1 2  3
n
. e 2 )> < 2 (e  e +e e  +n 1 2  1 3
n
. .  )> ( P . 13)
Assuming th e  prod uct term s to  be s m a l l ,  th en  th e  rms e r r o r  i s : -
rms e r r o r  =
. f 2 2 2 2W< (e  +e +e + . . .  e  J>1 2  3 n ( P .14)
n
Assuming th e  e r r o r s  to  be randomly d i s t r i b u t e d  a s  e ,  g i v e s : -
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rms e r r o r  = /  ( P . 15)
v n
Hence th e r e  i s  an improvement by a f a c t o r  ( F ) : —
F = —  (P. 16)
Vn
on th e  o r i g i n a l  rms e r r o r  o f  e q u a t io n  P. 4, by ta k in g  n p o i n t s  i n t o  
c o n s i d e r a t i o n  (where n i s  a l a r g e  number). Here n i s  th e  number o f  
t r a n s i t i o n s  counted  and i s  g iv e n  b y : -
n = MV k (P. 17)
2n
At sa y  1500 rpm, t h i s  f a c t o r  (F) would be a s i g n i f i c a n t  improvement 
depending on th e  g a t e  t im e i n t e r v a l  (Tr ).
Combining e q u a t io n s  P. 4, P. 16 and P. 17 s t a t i s t i c a l l y  g i v e s  us an 
e q u a t io n  r e p r e s e n t in g  th e  t o t a l  a n g u la r  v e l o c i t y  rms e r r o r ,  assum ing  
we p r o c e s s  th e  d a t a : -
w = w cr2 + ---  (P. 18)
R RMS ERROR J  R 3 6 0 2 M 2 to
K K R
T h is  l a s t  e q u a t io n  i s  v e r y  i n t e r e s t i n g .  I t  shows th a t  w i th  in c r e a s in g
s h a f t  speed , th e  e r r o r  e f f e c t i v e l y  g o e s  down, and th en  a t  some break
p o in t  i t  s t a r t s  to  come up a g a in .  The break p o in t  i s  ind ep en d en t o f
th e  c h o ic e  o f  th e  a c t u a l  g a te  i n t e r v a l  (T ) and i s  d e f in e d  b y : -K
to = (P. 19)
r  360Mcr
which  i s  th e  same a s  e q u a t io n  P .S .
I t  makes s e n s e  to  put th e  break p o in t  somewhere above th e  maximum 
sp eed  range (1500 rpm) by making cr < 0 .1 5  ps ( e q u a t io n  P. 8 ) ,  w hich  
makes th e  j i t t e r / s c a t t e r  e r r o r  dom inate  th e  a n g u la r  v e l o c i t y  e r r o r .
With a g a t e  t im e i n t e r v a l  o f  0 . 5  ms (Tr ) a t a b l e  o f  th e  rms v e l o c i t y  
e r r o r  i s  shown in  F ig u r e  P . 2, f o r  v a r io u s  s h a f t  s p e e d s  (assum ing L = 
8, M = 6000 and cr - 0 .1 5  ps). T h is  shows th e  t o t a l  rms e r r o r  to  be  
h ig h  a t  low s p e e d s  and to  d e c r e a s e  q u ic k ly  t o  an a c c e p t a b ly  low l e v e l ,
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much below  t h a t  o f  th e  pure j i t t e r / s c a t t e r  e r r o r  (Appendix N, F ig u re  
N .5 ) .  T h is  scheme ap pears  to  o f f e r  y e t  a fu r t h e r  improvement in  
a n g u la r  v e l o c i t y  measurement.
FIGURE P . 2 T o ta l  improved an gu lar  v e l o c i t y  e r r o r  v v e l o c i t y
0
R ! WR RMS ERROR
( r a d s / s e c  ) ( r a d s / s e c )
1 n ± 0 .0 5 3 0
5 n ± 0 .0 2 4 2
10 n ± 0 .0 1 7 3
15 n ± 0 .0 1 4 5
20 ti ± 0 .0 1 3 0
25 t i ± 0 .0 1 2 0
30 7i ± 0 .0 1 1 5
35 n ± 0 .0 1 1 1
40 n ± 0 .0 1 0 9
45 t i ± 0 .0 1 0 8
50 7T ± 0 .0 1 0 8
P . 5 Angular V e l o c i t y  Error C o n c lu s io n s
The e r r o r s  a re  due to  th e  t im in g  i n t e r v a l  u n c e r t a in t y  (cr) and th e  
en cod er  edge j i t t e r / s c a t t e r  (L). The stan d ard  schem es a n g u la r  v e l o c i t y  
e r r o r s  are  sm a ll  ( u s u a l l y  dom inated  by th e  j i t t e r / s c a t t e r  e r r o r  L),  
but by s u i t a b l y  c a l i b r a t i n g  th e  en cod er  to  redu ce  L and im proving th e  
g a t e  t im in g  i n t e r v a l  a ccu ra cy  (tr), or by a p p ly in g  a mean square f i t ,  
t h e s e  e r r o r s  can be f u r t h e r  reduced.
F ig u r e  P. 3 shows th e  a n g u la r  v e l o c i t y  e r r o r  a t  1500 rpm assum ing M = 
6000, L = 8 and <r = 0 .1 5  ps. T h is  shows th e  d ram atic  improvement th a t  
can be a c h ie v e d ,  to  a maximum e r r o r  o f  0 .0 8  % o f  th e  r a te d  a n g u la r  
v e l o c i t y  (a t h i r t e e n  f o l d  improvement on th e  fr eq u e n c y  co u n te r  scheme
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o f  Appendix N).
FIGURE P .3 T o ta l im proved RMS a n g u la r  v e l o c i t y  e r r o r
TK
(ms)
WR RMS ERROR
( r a d s / s e c )
1 0 .0 ± 0 .0 0 0 1 2
5 . 0 ± 0 .0 0 0 3 4
1 .0 ± 0 .0 0 3 8 2
0. 5 ± 0 .0 1 0 8 2
0. 1 ± 0 .1 2 0 9 3
However, one f i n a l  d is a d v a n ta g e  o f  t h i s  scheme i s  th e  fr e q u e n c y
re s p o n s e  r o l l  o f f .  I f  th e  a c c e l e r a t i o n  i s  o s c i l l a t o r y  w i th  fr eq u e n c y
f  , th en  i t  can be shown t h a t  th e  measured am p litu d e  to  th e  o r i g i n a l  M
s i g n a l  a m p litu d e  i s  g iv e n  b y : -
S in ( ir f  T )M K
TTf T M K
( P . 20)
So t h a t  f o r  a g a t e  sample i n t e r v a l  o f  a p p r o x im a te ly  1 ms (T ) th e
r e s p o n s e  w i l l  have f a l l e n  to  z e r o  a t  f  = 1  kHz, w h i l s t  a t  f  = 500 HzM M
th e  r e s p o n s e  has f a l l e n  to  41 % o f  normal. T h is  may be o f  a c c e p t a b le  
p erform ance depending  on th e  n a tu r e  o f  th e  v e l o c i t y .
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APPENDIX Q
ANGULAR ACCELERATION MEASUREMENT USING THE TIMER COUNTER SCHEME
With r e f e r e n c e  to  Appendix P, by m easuring  th e  a n g u la r  v e l o c i t y  over  
s u c c e s s i v e  g a t e  i n t e r v a l s  (Tr , *) we can c a l c u l a t e  th e  a n g u la r  
a c c e l e r a t i o n  (0 ) fr o m :-R
WR ESTIMATE = i  [ w -  0 1 r a d s / s e c 2 (Q. 1)T [ R K R K-l J
where K i s  an in c r e a s i n g  i n t e g e r .  T h is  can a l s o  be e x p r e s s e d  in  terms
o f  th e  measured count (N , N ) o v er  s u c c e s s i v e  g a t e  i n t e r v a l s  (T ,K K-i & k ’
T ): -K-l
_ 2n_
R ESTIMATE ~ MT
N N_K _ _K-1
T TK K-1J
r a d s / s e c 2 (Q .2)
Here T  ^ i s  th e  a c t u a l  t im e i n t e r v a l ,  b e in g  v er y  c l o s e  to  th e  g a t e  tim e  
i n t e r v a l  (T). The d i f f e r e n c e  from th e  fr eq u e n c y  co u n te r  scheme 
(Appendix 0 )  i s  th a t  th e  cou n ted  number o f  c y c l e s  i s  e x a c t ,  and i t  i s  
o n ly  th e  e la p s e d  tim e (T ) which i s  in  doubt, b e in g  d eterm in ed  by th e  
p r e c i s i o n  o f  w hatever  c lo c k  i s  u sed  (cr) and th e  u n c e r t a in t y  in  th e  
ch an ne l  t im in g  e d g e s ,  cau sed  by j i t t e r  and s c a t t e r  (L).
Q .1 Angular A c c e l e r a t i o n  Gate Timing U n c e r ta in ty  Error
The g a t e  t im in g  u n c e r t a in t y  e r r o r  has a lr e a d y  been  a n a ly s e d  in
Appendix 0 (e q u a t io n  0 .3 3 ,  and F ig u re  0 . 2 ) ,  where th e  g a t e  tim e
i n t e r v a l  T i s  r e p la c e d  by T .K
Hence th e  rms a n g u la r  a c c e l e r a t i o n  e r r o r  assum ing s u c c e s s i v e  
measurem ents, due to  th e  g a te  t im e i n t e r v a l  u n c e r t a in t y  i s  g iv e n  b y : -
0 erf2
0 = —5-----  r a d s / s e c 2 (Q. 3)R RMS ERROR ^2
K
In com parison  to  th e  fr eq u e n c y  c o u n ter  scheme (Appendix 0 ) ,  b o th
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sy s tem s  in  o th e r  words must d e l i v e r  th e  same p r e c i s i o n  in  m easuring  
th e  g a t e  i n t e r v a l .  The fr e q u e n c y  c o u n ter  scheme however, d o e s  n o t  need  
to  a c t u a l l y  count a n y th in g  betw een  g a t e  i n t e r v a l s ,  i t  l e t s  th e  s h a f t  
en cod er  do th e  job .
Q .2 Angular A c c e l e r a t i o n  Encoder Edge J i t t e r / S c a t t e r  E rror
S i m i l a r l y ,  th e  edge j i t t e r / s c a t t e r  e r r o r  has been  a n a ly s e d  in  Appendix  
0  (e q u a t io n  0 .3 6 ,  F ig u re  0 . 3 ) ,  and assum ing s u c c e s s i v e  measurements  
t h i s  g i v e s  th e  rms e r r o r  due to  edge j i t t e r / s c a t t e r  to  be: -
L 72 2
«  = fftvw  x  2rr x  —  r a d s / s e c  (Q. 4)R RMS ERROR 360M ^2
K
Q .3 Angular A c c e l e r a t i o n  Combined Error
The t im er  co u n ter  scheme d o es  n o t  have th e  l a r g e  e r r o r  term ca u sed  by
th e  u n c e r t a in t y  in  th e  count N , N o f  th e  fr e q u e n c y  c o u n ter  schemeK K” 1
(Appendix 0 , e q u a t io n  0 .2 1 ,  F ig u r e  0 . 1 )  so  th e  t o t a l  rms a n g u la r  
a c c e l e r a t i o n  e r r o r  assum ing s u c c e s s i v e  measurements, i s  g iv e n  by 
com bin ing  e q u a t io n s  Q. 3 and Q. 4 s t a t i s t i c a l l y  and s i m p l i f y i n g  to  
g i v e : -
72 /  2 2  4L2tt2 , . 2 Cr.
to = —  /  to cr + ---------------  r a d s / s e c  (Q .5)R RMS ERROR _2 /  R 0/. _2.,2
T v 36 0  MK
T h is  e r r o r  assum es th e  measurements are  tak en  c o n s e c u t i v e l y  which  
h e l p s  redu ce  th e  e r r o r s .  The e r r o r  i s  a g a in  a p p a r e n t ly  a c o n s t a n t  a t  
low er sp eed s  (dom inated  by th e  ch an nel  edge j i t t e r  and s c a t t e r ) ,  and 
th en  s t a r t s  to  i n c r e a s e  a t  some break p o in t ,  which assum ing L = 8, M =
6000 and cr = 0. 5 ps  o c c u r s  w hen:-
2Li7T (r\ ,  \o> = (Q. 6 )R 360Mcr
= 4 6 .5  r a d s / s e c  or  444 rpm (Q .7)
Thus f o r  t h i s  a p p l i c a t i o n ,  making cr l e s s  than 0 . 5  ps  would have c l e a r  
a d v a n ta g es .  Below t h i s  sp eed  th e  e r r o r  i s  dom inated  by th e  en cod er
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edge j i t t e r / s c a t t e r  a c c o r d in g  to  F ig u re  0 . 3  (Appendix 0 ) ,  and would  
a l lo w  a minimum an gu lar  a c c e l e r a t i o n  update in  e x c e s s  o f  1 ms (though  
even  t h i s  may s t i l l  prove  in a d eq u a te  f o r  t h i s  a p p l i c a t i o n ) .
The lo w e s t  s e n s i b l e  l i m i t  f o r  cr, i s  when th e  break p o in t  i s  a t  th e
maximum s h a f t  sp eed  o f  1500 rpm, th en  from e q u a t io n  Q .6 : -
<r = . 2Ltc (Q. 8)
360Mw VV4R
= 0. 15 jus ( 6 .7 5  MHz) (Q. 9)
T h is  im p l ie s  th a t  i t  i s  p o i n t l e s s  h a v in g  a c lo c k  r a t e  g r e a t e r  than
about 7 MHz f o r  th e  t im er  co u n ter  freq u en cy .
F ig u re  Q .1 shows th e  t o t a l  rms a n g u la r  a c c e l e r a t i o n  e r r o r  a t  1500 rpm,
f o r  L ~ 8, M = 6000 and cr = 0. 15 /us a g a in s t  th e  g a t e  t im e i n t e r v a l
(T ). T h is  shows th e  e r r o r  to  be a c c e p ta b le  f o r  lo n g  g a t e  tim eK
i n t e r v a l s ,  but d r a m a t ic a l ly  i n c r e a s e s  w ith  d e c r e a s in g  g a t e  tim e
i n t e r v a l .  T h is  shows a f a c t o r  o f  th r e e  improvement o v er  th e  fr eq u e n c y  
co u n te r  scheme o f  Appendix 0.
FIGURE Q .1 T o ta l  RMS a n g u la r  a c c e l e r a t i o n  e r r o r
TK 0)R RMS ERROR
(ms) ( r a d s / s e c 2 )
1 0 .0 ± 0 .4 6 8
5 . 0 ± 1 .8 7 3
1 .0 ± 4 6 .8 3 4
0 . 5 ± 187 .3 3 6
0. 1 ± 4 6 83 .391
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The dominant channel edge j i t t e r / s c a t t e r  (L) e r r o r s  a re  due to  th e  
en cod er  r o t a t i n g  d i s c  n o t  mounted on th e  c e n t r e  o f  th e  s h a f t ,  and th e  
p o s i t i o n  and t h ic k n e s s  o f  i t s  l i n e s  b e in g  a v a r i a b l e .  By c a l i b r a t i n g  
th e  en cod er  o u tp u t  a t  v a r io u s  sp e e d s  w i th  r e f e r e n c e  to  th e  p o s i t i o n  
marker p u l s e ,  i t  i s  p o s s i b l e  t o  s u b s t a n t i a l l y  redu ce  t h i s  e r r o r  term. 
In com bin ation  w ith  im proving th e  g a t e  tim e i n t e r v a l  a cc u r a cy  (o'), th e  
a n g u la r  a c c e l e r a t i o n  measurement w i l l  th en  be improved.
A fundam ental improvement in  t h e s e  e r r o r s  can be made i f  we were to  
u se  e v e r y  p i e c e  o f  a v a i l a b l e  en cod er  in fo rm a t io n ,  and th a t  we were to  
p r o c e s s  t h i s  d a ta .  Appendix P, has a lr e a d y  shown t h a t  t h e i r  i s  ah 
improvement by a f a c t o r  F, a s  d e f in e d  by eq u a t io n  P . 16 and P . 17.
A pp ly in g  t h i s  f a c t o r  to  e q u a t io n  Q. 5 g i v e s  th e  t o t a l  rms a n g u la r  
a c c e l e r a t i o n  e r r o r  assum ing we p r o c e s s  th e  d a ta  to  b e : -
Q .4 Improvements On A ngular A c c e le r a t io n  E rror
T h is  l a s t  e q u a t io n  i s  v e r y  i n t e r e s t i n g .  I t  shows t h a t  w i th  i n c r e a s i n g  
s h a f t  sp eed , th e  e r r o r  e f f e c t i v e l y  g o e s  down, and th en  a t  some break  
p o in t  i t  s t a r t s  to  come up a g a in .  The break p o in t  i s  ind ep en d en t o f  
th e  c h o ic e  o f  th e  a c t u a l  g a t e  i n t e r v a l  (T ) and i s  d e f i n e d  b y : -
w hich  i s  th e  same a s  e q u a t io n  Q .8.
I t  makes s e n s e  to  put th e  break  p o in t  some where above th e  maximum
sp eed  range (1500 rpm) by making <r < 0 .1 5  ps ( e q u a t io n  Q. 9 ) ,  which
makes th e  j i t t e r / s c a t t e r  e r r o r  dom inate th e  a n g u la r  a c c e l e r a t i o n
e r r o r .
With a g a t e  t im e i n t e r v a l  o f  0 . 5  ms (T ) th en  a t a b l e  o f  th e  rms
a c c e l e r a t i o n  e r r o r  i s  shown in  F ig u r e  Q .2, f o r  v a r io u s  s h a f t  sp eed s .  
T h is  shows th e  t o t a l  rms e r r o r  to  be v er y  h ig h  a t  low sp e e d s  and to  
d e c r e a s e  q u ic k ly  to  an a c c e p t a b le  l e v e l .  T h is  scheme a p p ea rs  to  o f f e r
R RMS ERROR n   r a d s / s e c 2 (Q. 10)3602M2wK K R
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around a 0 . 5  ms update  on a n g u la r  a c c e l e r a t i o n  above low s p e e d s ,  which  
would a l lo w  us  to  c a l c u l a t e  th e  torqu e  w i t h in  a c c e p t a b le  e r r o r s  a t  a 2 
kHz r a t e .
FIGURE Q.. 2 T o ta l  improved a n g u la r  a c c e l e r a t i o n  e r r o r  v  v e l o c i t y
toR toR RMS ERROR
( r a d s / s e c  ) ( r a d s / s e c 2 )
1 Tt ± 1 07 .506
5 n ± 4 8 .3 1 4
10 Tt ± 3 4 .6 7 9
15 Tt ± 2 9 .0 0 4
20 tt ± 2 5 .9 3 1
25 Tt ± 2 4 .0 9 5
30 Tt ± 2 2 .9 6 1
35 Tt ± 2 2 .2 6 9
40 n ± 2 1 .8 7 1
45 Tt ± 2 1 .6 7 8
50 Tt ± 2 1 .6 3 2
Q.. 5 Angular A c c e l e r a t i o n  E rror C o n c lu s io n s
The e r r o r s  a re  due to  th e  t im in g  i n t e r v a l  u n c e r t a in t y  (cr) and th e  
en co d er  edge j i t t e r / s c a t t e r  (L). The sta n d a rd  schem es a n g u la r  
a c c e l e r a t i o n  e r r o r s  a re  la r g e  a t  sm a ll  g a te  tim e i n t e r v a l s  (Tk ), but  
by s u i t a b l y  c a l i b r a t i n g  th e  en co d er  to  reduce  L and im proving  th e  g a t e  
t im in g  i n t e r v a l  a cc u r a cy  (cr),  or by a p p ly in g  a mean sq uare  f i t ,  t h e s e  
e r r o r s  can be reduced  d r a m a t ic a l ly .
F ig u r e  Q .3 shows th e  t o t a l  rms a c c e l e r a t i o n  e r r o r  a t  1500 rpm f o r  L = 
8, M = 6000 and <r = 0. 15 jus f o r  v a r io u s  g a te  t im e i n t e r v a l s  (T^). T h is  
shows a f a c t o r  o f  t h i r t e e n  improvement o v er  th e  fr e q u e n c y  measurement 
scheme o f  Appendix 0.
271
However, one f i n a l  d isa d v a n ta g e  o f  t h i s  scheme i s  th e  fr eq u e n c y
r e s p o n s e  r o l l  o f f .  I f  th e  a c c e l e r a t i o n  i s  o s c i l l a t o r y  w ith  fr eq u e n c y
f  , th en  i t  can be shown th a t  th e  measured am p litud e  to  th e  o r i g i n a l  
M
s i g n a l  am p litud e  i s  g iv e n  b y : -
SinCitf T )M K
Tlf TM K
(Q .12)
So th a t  f o r  a g a t e  sample i n t e r v a l  o f  a p p ro x im a te ly  1 ms (T ) th e  
r e sp o n se  w i l l  have f a l l e n  to  z e ro  a t  f  = 1  kHz, w h i l s t  a t  f  = 500 HzM M
th e  r e sp o n se  has f a l l e n  to  41 % o f  normal. T h is  may be o f  a c c e p t a b le
perform ance depending on th e  n a tu re  o f  th e  a c c e l e r a t i o n .
FIGURE Q .3 T o ta l  improved RMS a n g u la r  a c c e l e r a t i o n  e r r o r
TK toR RMS ERROR
(ms) ( r a d s / s e c 2 )
10. 0 ± 0 .0 1 2 1
5. 0 ± 0 .0 6 8 4
1 .0 ± 3 .8 2 4 0
0. 5 ± 2 1 .6 3 1 7
0. 1 ± 1209 .2462
